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(54) Method and apparatus for processing a semiconductor substrate 

(57) The present invention provides systems, meth- 
ods and apparatus for high temperature (at least about 
500 -800° C) processing of semiconductor wafers. The 
systems, methods and apparatus of the present inven- 
tion allow multiple process steps to be performed in situ 
in the same chamber to reduce total processing time 
and to ensure high quality processing for high aspect 
ratio devices. Performing multiple process steps in the 
same chamber also increases the control of the process 
parameters and reduces device damage. In particular, 
the present invention can provide high temperature dep- 
osition, heating and efficient cleaning for forming dielec- 
tric films having thickness uniformity, good gap fill 
capability, high density, low moisture, and other desired 
characteristics. 
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Description 

The present invention relates to semicortductor processing. 

One of the primary steps in fabricating nrodern semiconductor devices is forming a dielectric layer on a semicon- 

5 ductor substrate. As is well known, such a dielectric layer can be deposited by chemical vapor deposition (CVD). In a 
conventional thermal CVD process, reactive gases are supplied to the substrate surface where heat-induced chemical 
reactions (honx>geneous or heterogeneous) take place to produce a desired film. In a conventional plasma process, a 
controlled plasma is formed to decompose and/or energize reactive species to produce the desired film. In general, 
reaction rates in thermal and plasma processes may be controlled by controlling one or nrxjre of the following: temper- 

TO ature, pressure, and reactant gas flow rate. 

Semiconductor dwice geometries have dramatically decreased in stze since such devices were first introduced 
several decades ago. Since then, integrated circuits have generally followed the two- year/hall-size rule (often called 
"Moore's Law") which means that the number of devices which will fit on a chip doubles every two years. Today s wafer 
fabrication plants are routneiy producing 0.5 mm and even 0.35 mm feature size devices, and tomorrow's plants soon 

15 will be producing devices having even smaller feature sizes. As device feature sizes become smaller and integration 
density increases, issues not previously considered crucial by the industry are becoming of greater concern. In partic- 
ular, devices with inaeasingly high integration density have features with high (for example, greater than about 31 or 
4:1 ) aspect ratios. (Aspect ratio is defined as the height-to-spadng ratio of two adjacerrt steps.) 

Increasingly stringent requirements for processes in fabricating these high integration devices are needed in order 

20 to produce high quality devices, and conventional substrate processing systems are becoming inadequate to meeting 
these requirements. One requirement is that the dielectric films formed in the process of fabricating such devices need 
to be uniformly deposited over these high aspect ratio features without leaving substantial gaps or voids. Another 
requirement is that these films need to exhibit low shrinkage so that subsequent heating and/or wet etching steps do 
not cause voids to open up in the deposited film. However, conventional substrate processing systems that typically 

25 deposit dielectric films at temperatures less than about 450*'C are unable to produce low moisture films having good 
gap-filling capatjilities without opening substantial voids in subsequent heating and/or wet etching steps. As is well 
known, these gaps or voids may contribute to device performance unrelisibility and other problems. Dielectric films 
used, for example, as PMD or IMD layers in such devices need good high aspect ratio gap-fill capability to avoid prob- 
lems caused by these gaps or voids. A further requirement is that metal contamination into the wafer during the 

30 processing steps be minimized to avoid short circuits and other problems in the devices. As is well known, conventional 
substrate processing systems using in gily plasma during processing experience physical sputtering of ions which 
attack chamber surfaces, such as aluminum walls, resulting in metal contamination of the substrate. Use of in sitA 
plasma is therefore undesirable. An improved substrate processing system, which does not use in sjiy plasma, is 
needed to provide dielectric films with the desired characteristics of low moisture, high density, low shrinkage, good high 

35 aspect ratio gap-filling capability. 

In addition to meeting these stringent requirements, substrate processing systems must be able to meet the higher 
demands for forming ultra-shallow doped regions, whk;h are necessary for Ngh Integration devices with shrinking 
device geometries. With the advent of smaller device geometries, ultra-shaitow doped regions in semkxxxJuctors are 
needed for various applications including, for exampie. source/drain /unctions, ch£u>nel stop diffusions for shallow 

40 trench isolation, etc. For example. MOS devices with channel lengths of less than 0.8 mm often require source/dram 
junctions having depths less than atx>ut 250 nanometers (nm) for adequate device performance. For fransistors sepa- 
rated by trench isolation structures of about 0.35 mm depth, ultra-shallow channel stop regions having a depth on tine 
order of hundreds of nm are usually required. For applications requiring ultra -shallow doped regions, it is important to 
provide uniform dopant distribution in tiie doped regions and good control of junction deptin. 

45 Cun-ent approaches to forming ultra-shallow doped regions, such as ion implantation and gaseous diffusion, are 

inadequate in some applications. With these current approaches, the ability to corrtrol dopant disti-ibution and junction 
depth is limrted, especially as the doped regions become shallower. With an approach like ion implantation, controlling 
dopant distribution is made difficult due to the built-up concentration of ions at the surface of the semiconductor mate- 
rial. Also, ion implantation causes damage to the semiconductor surface, and metfxxte for repairing this sutjstrate dam- 
so age often make it more difficuft to corrtrol doparrt distiribution and junction depth for ultra-shallow doped regions. For 
example. Ions tjombarded at relatively high energy levels have a tendency to tunnel or channel through the semicon- 
ductor material and cause damage such as point defects. These point defects, which may lead to irregular and nonuni- 
form junction depths, may be feed by annealing the implanted semiconductiDr material at high temperatures (greater 
than atjout 900° C). Annealing the inrplanted semiconductor material, however, may further increase tiie junction depth 

55 beyond that desired. With an approach like gaseous diffusion, controlling doparrt distribution and junction depth is diffi- 
cult to control in forming ultia-shallow doped regions. As technology progresses to even smaller geometry devices, an 
alternative approach that is afcJe to control the dopant uniformity and junction depth in ultra-shallow doped regions is 
needed. 
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In forming ultra-shallow doped regions, one alternative approach to the current approaches of ion implantation arxl 
gaseous diffusion is the use of a doped dielectric film as a dopant diffusion source. In this alternative approach, a doped 
dielectric film is deposited onto a substrate and used as a source of dopants which are diffused into the substrate to 
form ultra-shallow doped regions. For example, doped dielectric films are deposited at temperatures less than 500''C in 

5 a deposition chamber, and subsequently heated at temperatures greater than 500''C in a different chamber, such as an 
annealing furnace, to perform the dopant diffusion to form the doped region. Controlling thickness, uniformity, and mois- 
ture content of the doped dielectric film is important in efficiently forming ultra-shallow doped junctions in the semicon- 
ductor material. Specifically, controlling the thickness and uniformity of the deposited doped dielectric film provides 
some control over the amount of dopants available tor diffusion. Limiting the thickness of doped dielectric films used as 

w diffusion sources also helps to increase wafer throughput by saving deposition (arxl subsequent etching) time. Moreo- 
ver, a uniformly deposited film with even dopant uniformity can provide a more controlled diffusion of dopants from the 
film into the substrate. As is well known, moisture in doped dielectric films reacts with dopants to birxJ them in a crystal 
structure, resulting in fewer dopants available for diffusion into the substrate to form doped regions. It is desirable to use 
doped dielectric films having a low moisture content, since these filnns have nrtore dopants available for use in the diffu- 

J5 sion. 

Several problems are encountered with conventional substrate processing systems when using a doped dielectric 
film as a dopant diffusion source. One problem is tfiat it is difficult to obtain a high degree of control over film thickness 
and uniformity when using conventional systems to deposit the doped dielectric film. Another problem is that it is often 
difficult to ensure that adequate amounts of dopants in the doped dielectric film are available for diffusion into the sub- 

20 strate to form the ultra -shallow doped regions. A further problem is the existence of native oxides, which act as a barrier 
layer preventing dopants from diffusing into the substrate from the doped dielectrk; film, on substrate surfaces where 
the ultra-shallow doped regions are to be formed. These problems are discussed in further detail below. 

Despite the advantages of using doped dielectric filnns as dopant diffusion sources to form ultra-shallow doped 
regions, the problem of being unable to control thickness arxl uniformity of the deposited doped dielectric film when 

25 using conventional deposition systems is of particular concern for two primary reasons. First, the inability to adequately 
control thickness arvj uniformity of the deposited doped dielectric film using conventional methods and apparatus unde- 
sirably results in a diminished ability to control the dopant uniformity and junction depth of the ultra-shallow doped 
region formed. For example, in a conventional sequental CVD chamber, a substrate rests on a belt and travels through 
various portions of the chamber. In each portion of the chamber, a layer having a certain thickness may be deposited. 

30 Thickness of the deposited film may be controlled by changing the belt speed. whk;h provides limited control. Further, 
control over the thickness and dopant uniformity of the films deposited on different wafers is difficult when attempting to 
control film thickness and dopant concentration using belt speed. That is, the thicknesses of the deposited filnns on dif- 
ferent wafers may vary and be unpredictable, leading to wafer-to-wafer unreliability. Second, being able to control the 
thickness of the deposited doped dielectric film, even for very thin films, is desirable for overall efficiency and increased 

35 wafer throughput However, conventional approaches have only been capable of forming doped dielectric films with 
thicknesses on the order of thousands of Angstroms (A). Also, it may be difficult to maintain the thickness of the depos- 
ited film as thin as possible using systems relying on belt speed to control thickness of the deposited film. With thicker 
films deposited conventionally some dopants may take longer to diffuse Into the substrate, since they have greater dis- 
tances to travel before reaching the semiconductor material. Also, removal of such a thick film used as a dopant diffu- 
se sion source by etching or other technique often increases the total time to process the wafer. With growing pressures 
on manufacturers to improve efficiency, It is desirable to form the doped dielectric film as thin as possible in order to 
decrease the time needed to deposit and then remove the film. It is desirable to have a method arxl apparatus that can 
easily control the thickness and dopant uniformity of a doped dielectric film (less ttian about 500 A thick at ± 0.2 weight 
percentage dopant variation across the wafer) that is used as a dopant diffusion source. 

45 Another problem with using doped dielectric filnrts as dopant diffusion sources for ultra-shallow doped regions is 
that adequate amounts of dopants must be available tor diffusion into the substrate. Films with high dopant concentra- 
tion are often needed to provkle adequate amounts of dopants for uniform diffusion into the substrate to form ultra-shial- 
low junctions. However, moisture absorption and outgassing are two problems relatir>g to adequate dopant availability. 
Doped dielectric films, especially those with high dopant concentrations, tend to absorb moisture shortly after a wafer 

50 is exposed to ambient moisture in a clean room (e.g. when the wafer is transfenred from the deposition chamber after 
deposition of the doped dielectric film to a different processing channber for the next processing step in a multiple-step 
process) The absorbed moisture (H2O) then reacts with the dopants in the dielectric film, causing the film to crystallize. 
Due to the crystal structure binding the dopants within the film, these dopants become unavailable for diffusion into the 
substrate, even after a subsequent heating of the wafer by rapid thermal processing or annealing in another chamber. 

55 Moisture absorpton thus reduces the anrx^unt of dopants for diffusion into the substrate. In addition to the moisture 
absorption problem, outgassing of dopants from the doped dielectric film also may occur in subsequent heating steps. 
These dopants diffuse out of the film away from the substrate, resulting m fewer dopants available to be diffused into 
the substrate to form ultra-shallow doped regions. 
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Even if adequate dopants are available lor diffusion, the problem of native oxides remains an important considera- 
tion when j doped dielectric films as diffusion sources. Native oxides existing on the substrate surface where ultra- 
shallow dop* egions are to be formed prevent effective and uniform dopant diffusion into the silicon. Therefore, native 
oxides, whicr act as a diffusion barrier layer to the dopants, need to be renxrved. Removing native oxides has been 

5 done using conventional techniques such as wet etching using liquid etchants. arxl dry etching using an in sity plasma. 
However, using liquid etchants is often difficult to control and may result in overetching the sul>strate. Substrates that 
have native oxides cleaned by conventional methods such as wet etching have shelf lives of less ttian about one week 
before native oxides begin to form again, making it desirable to process the wafers shortly after the native oxides have 
been renx>ved. Using dry etching to remove native oxides with an in Situ plasma results in plasma damage to the sur- 

10 face of the substrate. In addition to causing surface plasma damage, in §itu plasma dry etching may undesirably result 
in more metal contamination, as discussed earlier. Accordingly, it is important to efficiently remove native oxides without 
damaging the substrate surface so dopants may diffuse into the subsfrate uniformly for ultra-shallow doped regions. 

In addition to providing dense, low moisture dielectric films having uniform thickness and high aspect ratio gap-fill- 
ing capability with low metal contamination, improved quality and overall efficiency in fabricating integrated circuit 

15 devices is also irrportant. An important way to improve quality and overall efficiency in fabricating devices is to dean 
the chamber effectively and economically. Witii growing pressures on manufacturers to improve processing quality and 
overall efficiency, eliminating the total down-time in a multiple-step process without compromising the quality of the 
wafers has become increasingly important for saving both time and money. During CVD processing, reactive gases 
released inside the processing chamber form layers such as silicon oxides or nitrides on the surface of a substrate 

20 being processed. Undesirable oxide deposition occurs elsewhere in the CVD apparatjs. such as in the area between 
the gas mixing box and gas disfribution manifoW. Undesired oxide residues also may be deposited in or around the 
exhaust channel and the walls of the processing chamber during such CVD processes. Over time, failure to clean the 
residue from the CVD apparatijs often results in degraded, unreliable processes and defective substrates. Without fre- 
quent cleaning procedures, impurities from tine residue built up in the CVD apparatus can migrate onto the substrate. 

25 The problem of impurities causing damage to tine devices on the substrate is of partk:ular concern with today's increas- 
ingly small device dimensions. Thus. CVD system maintenance is important for the smootii operation of substrate 
processing, as well as resulting in improved device yield and better product performance. 

Requentiy. periodic chamber cleanings between processing of every N wafers is needed to improve CVD system 
performance in producing high quality devices. Providing an efficient, non-damaging dean of the chamber and/or sub- 

30 stiate is often able to enhance performance and quality of the devices produced. In addition to inproving the quality of 
the above-discussed chamber deanings (which are done witiiout breaking the vacuum seal), preventive maintenance 
chancer cleanings (where the vacuum seal is broken by opening tfie chamtjer lid to physically wipe down tiie channber) 
are performed between multiple periodic chamber cleanings. Often, performing the necessary preventive maintenance 
chancer cleanings involves opening the chancer lid and any other chamber parts that might obsti-uct tiie lid. which is 

35 a time-consuming procedure that interferes witin normal production processing. 

In light of tiie above, improved metiiods, systems and apparatus are needed for depositing dense, low moisture die- 
lectric films with uniform thicknesses and high aspect ratio gap-filling capabilities. Optimally, these improved methods 
and apparatus will also provide a chamber clean with low metal contamination. Improved methods and apparatiJS are 
also needed for forming doped dielecti-tc films as dopant diffusion sources for uttra-shallow junctions. These methods 

40 and apparatus should be capable of efficientiy removing native oxides to ensure effective and uniform dopant diffusion 
from the doped dielectric layer without causing significant surface damage to the silicon wafer. Further, for some appli- 
cations it is desirable to provide multiple deposition arxJ deaning capabilities in a single chamber witti a simplified 
design to minimize the time consumed for different types of cleanings. What is needed, therefore, are systems and 
methods that are capatjie of high quality, efficient, high tenperature deposition and efficient, gentle cleaning. In partic- 

45 ular, these systems and mettiods should be designed to be compatible with processing requirements for forming 
devices with high aspect ratio feahjres. and for forming urtra-shallow doped regions. 

It is the object of the invention to provide aa method and an apparatus for processing a substi-ate whereby an effi- 
cient deposition of dense, low moisture dielecti-ic films witii uniform thicknesses and rtgh aspect ratio gap-filling capa- 
bilttiee is possible.. 

50 According to embodiments the invention relates to a method and apparatus for forming dielecti^ic films over high 

aspect ratio featijres at tenperatures greater than about 500°C, with tiie dielectric films having low moistijre content 
and low shrinkage. Embodiments of the present invention are particularly useful to deposit doped dielecti-ic films, such 
as borophosphosilicate glass (BPSG) films, borosilicate glass (BSG) films, or phosphosilicate glass (PSG) films, and to 
form ultra-shallow doped regions used, for example, as source/drain junctions or as channel stop diffusions in shallow 

55 trench isolation. In addition, embodiments of tiie present invention may also be used to deposit doped dielectiic films 
used as premetal dielecti-ic (PMD) layers. intermetaJ dielecti-ic (IMD) layers, or other dielectiic layers. Further embodi- 
ments of the present invention may further be used to deposit undoped dielectric films, such as undoped silicate glass 
(USG) films used as shallow tiench isolation filling oxides, insulating layers, capping layers, or other layers. 
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Embodiments of the invention provide methods and apparatus for high temperature (at least about 500-800*C) 
processing of semicohductor wafers. Embodiments of the present invention include systems, methods artd apparatus 
which enable muHiple process steps to be performed iQ sjlu in the same chamber to reduce total processing tme arxJ 
to ensure high quality processing to produce high integration devices having high aspect ratio features. Performing mul- 
tiple process steps in the same chamber also increases the control over process parameters, substantially reduces 
moisture content m deposited films, and minimizes device damage due to metal contamination or process restdue con- 
tamination. 

In particular, the embodiments of the invention provide high temperature deposition, heating and efficient cleaning 
for forming dielectric films having relatively thin film thicknesses. Embodiments of the invention are particularly useful 
to deposit doped dielectric films, such as borophosphosilicate glass (BPSG) films. b>orosilicate glass (BSG) films, or 
phosphosilicate glass (PSG) films, and to form an ultra-shallow doped region used, for example, as source/drain junc- 
tions or as channel stop diffusions in shallow trench isolation. In addition, embodiments of the present irrvention may 
also be used to deposit doped dielectric films used as premetal dielectric (PMD) layers, inter metal dielectric (IMD) lay- 
ers, or other dielectric layers. Further emtxxJiments of the invention may further be used to deposit urxjoped dielectric 
films used as shallow trench isolation filling oxides, insulating layers, capping layers, or other layers. 

Embodiments of the method according to the invention include depositing dielectric films by CVD on a substrate in 
a vacuum chamber having a pressure between about 10-760 Torr (13.3 x 10^ to 1 x 10^ Pa) to a temperature greater 
than about 500° C. The substrate may be heated for a variety of purposes, such as performing reflow of deposited die- 
lectric layers for planarization, or for drivir>g in dopants from a deposited doped dielectric layer. The process may be car- 
ried out in a single step (e.g.. depositing and ref lowing the film on the wafer at temperatures greater than SOO^C). or in 
multiple steps (e.g.. deposrling the film on the wafer at temperatures less than SOO^'C arxJ then heating the film on the 
wafer after the film has been deposited). In either case, high temperature processing is accomplished without removing 
the wafer from the vacuum chamber, which advantageously reduces rrroisture atsorption in the dielectric film. The high 
temperature processing also enafcJes in sitji deposition of doped dielectric films with capping layers to advantageously 
reduce outgassing of dopants from the doped film and lower moisture content. In a specific embodiment, reactive gases 
are delivered to the substrate surface, where heat-induced chemical reactions take place to produce the dielectric film. 
Additionally or alternatively, a controlled plasma may be formed to facilitate the decomposition of the reactive species. 

In an embodiment of the invention, the dielectric film is a thin doped film used as a dopant diffusion source for an 
ultra-shallow junction. The film is deposited at temperatures greater than about 500*'C onto the substrate and heated to 
higher temperatures, usually greater than 600*C and preferably greater than about 700°C, to diffuse dopants from the 
dielectric layer to the underlying substrate. Performing the deposition and heating steps in the same chamber provides 
better control of the thickness, uniformity, and moisture content of the doped dielectric film. Improving the nnoisture con- 
tent of the film increases the amounts of available dopants in the film, which is particularly advantageous for forming 
ultra-shallow junctions in high integration devices. 

In another preferred embodiment of the inverrtion. a renxite plasma system is provided for etching undesired 
deposits on the inner walls of the vacuum chamber and components of the apparatus, and for cleaning native oxides 
and other residue from the semiconductor wafer prior to processing. A gentle cleaning technique using a remote energy 
source Is preferably employed Instead of a conventional in situ plasma process to lower metal contamlnaton. For exam- 
ple, the remote plasma system provides a remote plasma and preferably fluorine radicals from the plasma are able to 
enter the chamber, which is at high temperatures, and provide a gentle, thermal cleaning of the chamber. With the 
rennote plasma system, only chemical reactions are utilized and the problem of physical sputtering effects are elimi- 
nated. In contrast, with the use of an in silu plasma system, sputtering effects attack aluminum chamber walls, which 
may then lead to metal contamination in the processed wafer. In the thermal cleaning process using the remote plasma 
system, the radicals directed into the chamb>er can effectively clean unwanted deposits and residues from the surfaces 
in the chamber while the plasma remains remote or exterior to the chamber. Another advantage of the remote plasma 
system is that native oxides can be efficiently removed from the wafer to effectively ensure effective and uniform dopant 
diffusion from the doped dielectric layer without causing significant surface damage to the silicon wafer A further advan- 
tage of the remote plasma system is ttiat the system nnay also t>e configured for use to deposit films by using different 
input gases as needed. 

In a preferred embodiment of the invention, the remote plasma cleaning system is a microwave plasma system 
configured to produce and deliver a select species (such as fluorine, chlorine or other radicals) to the processing cham- 
ber The remote plasma system energizes gases by microwave radiation to create a plasma with etching radicals Spe- 
cifically, microwaves are created by a magnetron or other suitable energy source and directed through a waveguide 
system to an applicator tube, where a plasma Is created. Reactive gases are then fed Into the applicator tube and ener- 
gized by the microwave energy, which sustains the ionization of the ignited plasma to produce a flow of radicals into the 
processing chamber For cleaning, the radicals interact with residue formed on the chamber walls to form reactant 
gases that are suitably discharged form the chamber by an exhaust system The microwave plasma system may also 
be adapted to deposit plasma enhanced CVD films by delivering deposit on reactive gases Into the processing cham- 
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ber. 

In another preferred embodiment o» the invention, the remote plasma system indixles an endpoint detection sys- 
tem for Indicating when the chamber cleaning has concluded. The lack of plasma in the chamber can make it difficult, 
using conventional endpoirtt detection systems, to pinpoint the time at which the cleaning has been completed (i.e., 

5 when the last process gas residue In the chamber has reacted with the cleaning etchant so that it can be discharged 
from the charrber) This is because conventional endpoint detection systems typically rely on the use of a plasma within 
the chamber to check emissions from the m Situ plasma to determine the end of the cleaning process. In the present 
Invention, an endpoint detection assembly is coupled to the gas outlet of the processing chamber to determine the end- 
point of the cleaning process by detecting changes in light intensity that occur due to atjsort^ance of light by the 

10 exhausted dean gas reactants. such as SiF^. 

In yet another preferred embodiment of the present invention, a method provides gettenng of any adsorbed dean 
gases, such as fluorine from the surface of channber walls. According to the present invention, a first deaning gas con- 
taining fluorine is Introduced into the processing chamber to dean the processing channber of deposition residue. A sec- 
ond cleaning gas is then introduced into the processing chanrtoer after the residue has been removed with the first 

15 cleaning gas. The second deaning gas removes cleaning residue formed by the reaction between the first cleaning gas 
and the interior surfaces of the processing chamber. Removing or gettering the deaning reskJue from the channber pro- 
vides a nunt^er of advantages. For example, in a preferred embodiment of the present invention, fluorine radicals are 
delivered into the processing chamber to rennove residue, such as silicon oxide, by forming a silicon-fluoride gas prod- 
uct which is pumped away from chamber. After the fluorine-based chamber cleaning procedure, any adsorbed fluorine 

20 on the surface of the chamber walls which might othenwise interact with, or be incorporated into, the deposited film on 
the next wafer to be processed is gettered. In an alternative embodiment, the gettering may be performed by seasoning 
the chamber using microwave-generated atomic oxygen and a silicon source to deposit a thin film of oxide onto the 
chamber to trap any adsorbed fluorine and prevent contamination of the subsequently deposited films. 

The preferred embodiments of the invention also provide various heat-resistant and process-compatible compo- 

25 nents for high temperatijre processing The system of the present invention includes a vapor deposition apparatijs hav- 
ing an endosure assembly housing a processing chamber The apparatus includes a heating assembly having a 
pedestal/heater for heating ttie wafer to temperatajres up to about SOO-SOC^C. The pedestal preferably comprises a 
material that is substantially resistant to reactions with tiie process gases and to deposition by the process gases at 
temperatures of at least about 4O0'='C. and preferabiy at temperatures up to about 500-800*'C. In addition, the pedestal 

30 preferabty conprises a material that is substantially resistant to etching at high temperatures (i.e., 500-800*0) by the 
fluorine radicals infroduced into the chamber during cleaning. In an exemplary embodiment, the pedestal/heater com- 
prises a resistive heating element imbedded in a ceramic material, such as aluminum oxide or preferably aluminum 
nitride. 

The heating assembly of the preferred embodiments of the present invention further includes a si4)port shaft for 
35 supporting the pedestal/heater witi^in the chamber and for housing the necessary electrical connections thereto. The 
support shaft preferably comprises a ceramic material that is diffusion-lxjnded to the pedestal/heater to provkie a vac- 
uum seal within the shaft. This vacuum seal allows the hollow interior of the shaft to be maintained at ambient temper- 
ature and pressure during high temperatijre processing, which protects the electrodes and other electrical connections 
from corrosion from the process and clean gases within tiie chamber. In addition, providing ambient pressure within tiie 
40 Shaft minimizes arctng from the power source through the hollow core of the shaft to power leads or the outer walls of 
the shaft 

In still another preferred embodiment of the invention, a chamber liner Is provkJed around the pedestal Ai eater to 
insulate the chamber walls from the heater. Preferat»ly. the chamber liner indudes an Inner portion comprised of a mate- 
rial such as ceramic that is resistant to high temperatures and to deposition/dean reactions, and an outer portion com- 

45 prised of a material resistant to cracking. The inner portion of the liner insulates the chamber walls to reduce the wafer 
edge cooling effects which might othenwise adversely affect deposited film uniformity. The outer portion of the chamber 
liner is substantially thicker than the inner portion to brklge tiie gap between the wafer and the walls, while minimizing 
cracking which might otherwise occur wrtii a single, relatively thick ceramic liner. In an exemplary embodiment, the outer 
portion of the liner includes air gaps to increase the insulation provided by the liner 

50 In still a further preferred errtoodiment of the invention, a lid assemt>ly is provided for tine enclosure assembly. The 

Ikl assembly includes a gas mixing block (or box) coipled to one or more clean gas passages and one or more process 
gas passages for receiving process and dean gases and for delivering tiiese gases Into tiie chamber One or more 
valves are provided on either the clean gas passages or the process gas passages to selectively allow gas to flow 
through to the gas mixing block This embodiment fadlitates tfie in situ cleaning method of the present invention by 

55 allowing the apparatiJS to quickly and efficiently switch between processing and cleaning, which increases the through- 
put of the system. 

In a prefen-ed embodiment embodiment of the invention, the lid assembly further indudes a base plate having a 
gas Inlet for receiving one or more gases and a gas disti-itxrtion plate Induding a plurality of holes for dispersing the 
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gases into the prcx;essing chamber. The lid assembly includes one or nrore bypass passages in the base plate that offer 
less resistance to fluid flow than the gas distribution holes. During cleaning, for example, at least a portion of the clean- 
ing gases will pass through the bypass passages directly into the chamber to inaease the speed of the cleaning proc- 
ess, thereby decreasing the down time of the chamber. The apparatus preferably includes a control system, such as a 
valve and a controller, for partially or completely closing the bypass passages to control the gas flow through the gas 
distribution holes. 

Further preferred embodiments of the invention and the features thereof are given in the appended claims and sub- 
claims. 

These and other embodiments of the present invention, as well as its advantages arxl features, are described in 
more detail in conjunction with the text below and attached figures in which: 

Fig. 1 A IS a vertical, cross-sectional view of a CVD apparatus according to the present invention; 

Fig. 1 B is a simplified diagram of the system monitor and CVD apparatus 10 in a multichamber system: 

Fig. 1C illustrates a general overview of CVD apparatus 10 in relation to a gas supply panel 80 located in a clean 

room; 

Fig. ID is an illustrative block diagram of the hierarchical control structure of the system control software, computer 

program 150, according to a specific embodiment; 

Fig. 1 E is a Wock diagram of an exemplary heater control subroutine; 

Fig. 2 is an exploded view of a preferred embodiment of CVD apparatus 10 according to the present invention; 

Fig. 3 is a vertical cross- section, partly in schematic, taken along line 3-3 in Fig. 2; 

Fig. 4 is an enlarged cross-section of a semiconductor processing chamber of the apparatus of Fig. 2; 

Fig. 5 is an exploded view of a gas distribution system for the apparatus of Fig. 2; 

Fig. 6A is a top. partially cut-away view of a lid assemt^ly of CVD apparatus 10, illustrating portions of the gas dis- 
tribution systems; 

Figs. 6B and 6C illustrate a front cross-section and a top view, respectively, of an alternative lid assembly for CVD 
apparatus 10. irxxjrporating a bypass conduit for cleaning gases; 

Figs. 7A and 7B are side cross-sectional views and bottom views, respectively of a chamber liner, in accordance 
with an embodiment of the invention; 

Fig. 8 is a partially schematic, cross -sectional view of Fig. 3 taken along lines 8-8. Illustrating the pumping channel 
and the gas flow pattern in the exhaust system of the CVD apparatus 10 of Fig. 2; 

Fig. 9 is a vertical cross-sectional view, partially schematic, of a heater/lift assembly according to an embodiment 
of the invention; 

Fig. 10 is an enlarged cross-sectonal view of a bottom portion of the heater/lift assembly of Rg. 9; 

Fig. 11 is a side cross -sectional view of a pedestal/heater of the assenrbly of Fig. 9, according to an embodiment 

of the invention; 

Fig. 12 is a bottom view of the pedestal/heater, illustrating a heater coil; 
Fig. 13 is an exploded view of the heater/lift assembly of Fig. 9; 

Fig. 14 is an enlarged view of one of the electrical connections within the pedestal/heater of Fig. 10; 

Figs. 1 5 A and 1 5B illustrate a hole within the pedestal/heater for receiving a therrrxxouple and the thermocouple, 

respectively; 

Fig. 16 is a simplified diagram of a remote microwave plasma system for cleaning the wafer and/or the process 
chamber, in accordance with an embodiment of the present invention; 

Figs. 1 7A-1 7D are schematic diagrams of a cleaning endpoint detection system in accordance with an emljodiment 
of the present invention; 

Fig. 18 is a simplified cross -sectional view of a semiconductor device manufactured according to an embodiment 
of the present invention; 

Figs. 1 9A-19E are simplified cross -sectional views of an exemplary application of the method and apparatus of the 
present invention for an ultra-shallow source/drain junction; 

Figs. 20A-20G are simplified cross-sectional views of another exennplary application of the method and apparatus 
of the present invention for ultra-shallow ti-ench isolation; 

Fig. 21 illustrates the relationship between NF3 flow and microwave saturation power that gives optimal cleaning 
rates provided with remote microwave plasma system 55 in accordance with a specific embodiment of the present 
invention; 

Figs. 22A-22C are graphs illustrating experimental results showing the dopant profile of the ulti-a-shallow junctions 
formed using capped BSG films produced according to an embodiment of the present invention; 
Figs. 23A-23F are graphs illustrating further experimental results showing the dopant profile and sheet resistivity of 
the ultra-shallow junctions formed using different capped BSG films according to another embodiment of the 
present invention; 
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Rg. 24A is a photomicrograph demonstrating the asKjeposrted gap fill capabilities of PSG films deposited at 600°C 

in accordance wrth a specific embodiment of the present invention; 

Rg. 24B is a simplified diagram of a section of the structure shown in Fig. 24 A; 

Rg. 25 illustrates the FTIR spectra of a PSG film deposited at about 6O0'='C under exemplary process conditions. 
5 according to a specific embodiment; 

Rgs 26A and 26B are photomicrographs demonstrating the relative gap fill capabilities of TEOS/O3 USG films 
deposited at about 400°C and about 550°C. respectively, after heating at about lOSO^C and a subsequent wet etch 
processing, in accordance with a specific embodiment of the present invention; 

Rg. 27 is a photomicrograph demonstrating the gap fill capability of a USG film deposited at about 550^C after 
10 heating at about 1000'='C and a subsequent wet etch processing, in accordance with a specific embodiment of the 
present invention; and 

Rg. 28 illustrates the FTIR spectra of a USG film deposited at about 550°C under exemplary process conditions, 
according to a specific embodiment. 

15 I. CVD Reactor System 

A. Overview of CVD Reactor 

Embodiments of the present invention are systems, methods and apparatus used for depositing dielectric films at 
20 temperatures greater than about 500° C. In particular, such systems, methods and apparatus may be used to deposit 
undoped dielectric films and doped dielectric films. Such films may be used to form ultra-shallow doped regions, pre- 
metal dielectric layers, intermetal dielectric layers, capping layers, oxide filling layers, or other layers. Rg. 1 A is a verti- 
cal, cross-sectional view of one errtxxlimem of a CVD apparatus 10 according to a specHic embodinrtent. In addition to 
being enable of depositing dielectric layers, the apparatus according to the present invention has high tenrperature 
25 heating capabilities useful for performing reflow of deposited dielectric layers for planarization. or for driving in dopants 
from a deposited doped dielectric layer when forming ultra-shallow doped regions. Further, the apparatus can provide 
efficient cleaning of various CVD chancer components and cleaning of wvafer surfaces. CVD apparatus 10 provides 
these multiple capabilities in situ in a single vacuum chamber 1 5. Accordingly, multiple process steps may be performed 
in a single chamber without having the wafer fransfenred out of that chamber into other external chancers. This results 
30 in a lower moisture content on the wafers by eliminating opportunities to absorb moisture from the ambient air and. 
advantageously increases the dopant retention in the deposited dielectric layer. In addition, performing multiple process 
steps in a single chamber saves time, which increases the overall throughput of the process 

Referring to Fig. 1 A. CVD apparatus 10 includes an enclosure assentjly 200 housing a vacuum chamber 15 with 
a gas reaction area 16. A gas distribution plate 20 is provided above the gas reaction area 16 for dispersing reactive 
35 gases through perforated holes in plate 20 to a wafer (not shown) that rests on a vertically movable heater 25 (also 
referred to as a wafer support pedestal or susceptor). CVD apparatus 10 further includes a heater/lift assembly 30 for 
heating the wafer supported on heater 25. Heater/lift assembly 30 also can be controllably moved between a lower load- 
ing/off-loading position and an upper processing position indicated by dotted line 13 which is closely adjacent to plate 
20. as shown in Fig. 1 A A center board (not shown) includes sensors for providing Information on the position of the 
40 wafer As discussed in detail below, heater 25 includes resistively-heated conponents enclosed in a ceramic, preferat>ly 
aluminum nitride. In an exemplary embodiment, all surfaces of heater 25 exposed to vacuum chamber 1 5 are made of 
a ceramic material, such as aluminum oxide (AI2O3 or alumina) or aluminum nitride. When heater 25 and the wafer are 
in processing position 13. they are surrounded by a chamber liner 35 along the inside walls 17 of apparatus 10 and by 
an annular pumping channel 40. formed by chamber liner 35 and a top portion of chamber 15. As discussed in detail 
45 below, the surface of chamber liner 35 preferably comprises a ceramic material, such as alumina or aluminum nitride, 
which serves to lower the tenperature gradient between resistively-heated heater 25 (high temperature) and chamber 
walls 1 7, which are at a much lower temperature relative to heater 25. 

Reactive and carrier gases are supplied through supply line 43 into a gas mixing box (or gas mixing block) 273 (Rg. 
5). where they are preferably mixed together and delivered to plate 20. Gas mixing box 273 is preferably a dual input 
50 mixing block coupled to a process gas supply line 43 and to a cleaning gas conduit 47. As will be discussed in detail 
below, a processor 50 preferably controllably operates a gate valve 280 (Fig. 5) to choose which of these two alternate 
sources of gases are sent to plate 20 for dispersing into chamber 1 5 Conduit 47 receives gases from an integral remote 
microwave plasma system 55. which has an inlet 57 for receiving input gases. During deposition processing, gas sup- 
plied to plate 20 is vented toward the wafer surface (as indicated by arrows 21), where it may be uniformly distributed 
55 radially across the wafer surface, typically in a laminar f tow Purging gas may be delivered into chamber 1 5 from an inlet 
port or tube (not shown) through the bottom wall of enclosure assembly 200. The purging gas flows upward past heater 
25 and to an annular pumping channel 40. An exhaust system tiien exhausts the gas (as indicated by arrows 22) into 
the annular punr-ing channel 40 and tiirough an exhaust line 60 by a vacuum pump system (not shown). Exhaust gases 
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and residues are preferably released from annular pumping channel 40 through exhaust line 60 at a rate controlled by 
a throttle valve system 63. 

In the representative ennbodiment, the chemical vapor deposition process performed in CVD apparatus 1 0 is a ther- 
mal, sub-atmospheric pressure process, often referred to as sub-atmospheric CVD (SACVD). As discussed earlier. 

5 thermal CVD processes supply reactive gases to the substrate surface where heat- induced chemical reactions (homo- 
geneous or heterogeneous) take place to produce a desired film. In CVD apparatus 10, heat is distributed by resistively- 
heated heater 25, as discussed in detail below, that is capable of reaching temperatures as high as atXMJt 400-800''C. 
Such heat distribution provides uniform, rapid thermal heating of the wafer for effecting deposition, reflow and/or drive- 
in, cleaning, and/or season ing/gettering steps in a multiple-step process in siJu in chamber 15. Alternatively, a control- 

10 led plasma may be formed adjacent to the wafer by RF energy applied to gas distribution plate 20 from an RF power 
supply (not shown). In embodiments additionally having a lower RF electrode, the RF power supply can supply either 
single frequency RF power to plate 20 or mixed frequency RF power to plate 20 and the lower RF electrode to enhance 
the decomposition of reactive species introduced Into process chamber 1 5. In a plasma process, some of the compo- 
nents of vapor deposition apparatus 1 0 would have to be nrodif ied to accommodate the RF energy, as discussed below. 

J 5 Remote microwave plasma system 55 integrally provided in CVD apparatus 1 0 is preferably adapted for performing 

periodic cleaning of undesired deposition residue from various components of chamber 15, including walls 17 as well 
as other components. Further, remote microwave plasma system 55 can also perform cleaning or etching of native 
oxides or residues from the surface of the wafer, depending on the desired application. Although gases input via line 57 
into plasma system 55 are reactive cleaning gases for creating a plasma to provide fluorine, chlorine, or other radicals. 

20 remote microwave plasma system 55 also may be adapted to deposit plasma enhanced CVD films by inputting depo- 
sition react ve gases into system 55 via input line 57. Generally, rerrtote microwave plasma system 55 receives gases 
via input line 57, which are energized by microwave radiation to create a plasma with etching radicals which are then 
sent via conduit 47 for dispersion through plate 20 to chamber 15. Specific details of plasma system 55 will be dis- 
cussed further below. Some embodiments of apparatus 10 may also include a radio frequency (RF) plasma system to 

25 provide in ^ty plasma capability. 

Motors and optical sensors (not shown) are used to nx>ve and determine the position of movalDle mechanical 
assemblies such as throttle valve system 63 and heater 25. The heater/lift assembly 30. motors, gate valve 280. throttie 
valve system 63. remote microwave plasma system 55, and other system components are corrtrolled by processor 50 
over control lines 65, of which only some are shown. 

30 Processor 50 controls all of the activities of the CVD machine. Acting as the system controller, processor 50 exe- 
cutes system control software, which is a computer program stored in a memory 70 coupled to processor 50. Preferably, 
memory 70 may be a hard disk drive, but of course memory 70 may be other kinds of menxsry. In addition to a hard disk 
drive (e.g., memory 70). CVD apparatus 10 in a preferred embodiment includes a floppy disk drive and a card rack. 
Processor 50 operates under the control of the system control software, which includes sets of instructions that dictate 

35 the timing, mixture of gases, chamber pressure, chamber terrperature. microwave power levels, susceptor position, and 
other parameters of a partcular process. Other computer programs such as those stored on other memory including, 
for example, a floppy disk or other computer program product inserted in a disk drive or other appropriate drive, may 
also be used to operate processor 50. System control software will be discussed in detail below. The card rack contains 
a single-board computer, analog and digital input/output boards, interface tx)ards and stepper rrxitor controller boards. 

40 Various parts of CVD apparatus 10 conform to the Versa Modular European (VME) standard which defines board, card 
cage, and connector dimensions and types. The VME standard also defines the bus structure fiaving a 16-bit data bus 
arxl 24-bit address bus. 

The interface between a user and processor 50 is via a CRT monitor 73a and light pen 73b, shown in Fig. 1 B which 
is a simplified diagram of the system monitor and CVD apparatus 10. illustrated as one of the chambers in a multicham- 

45 ber system. CVD apparatus 10 is preferat>ly attached to a mainframe unit 75 which contains and provides electrical, 
plumbing and other support functions for the apparatus 10. Exemplary mainframe units compatible with the illustrative 
embodiment of CVD apparatus 10 are currently commercially available as the Precision SOOOO and the Centura 5200<!) 
systems from Applied Materials. Inc. of Santa Clara, California. The multichamljer system has the capalDility to transfer 
a wafer between its chambers without breakir>g the vacuum aixJ without having to expose the wafer to moisture or other 

50 contaminants outside the multichamber system. An advantage of the multichamber system is that different chanr*)ers 
in the multichamber system may be used for different purposes in the entire process. For example, one chamber may 
be used for deposition of oxides, arxDther may be used for rapid thermal processing, and yet another nnay be used for 
oxide cleaning. The process may proceed uninterrupted within the multichamber system, thereby preventing contami- 
nation of wafers that often occurs when transferring wafers between various separate individual chambers (not in a mul- 

55 tichamber system) for different parts of a process. 

In the preferred embodiment two monitors 73a are used, one nrounted in the clean room wall for the operators and 
the other behind the wall for the service technicians. Both monitors 73a simultaneously display the same information, 
but only one light pen 73b is enabled. The light pen 73b detects light emitted by CRT display with a light sensor in the 
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tip of the pen. To select a-particular screen or function, the operator touches a designated area of the display screen 
and pushes the button on the pen 73b. The touched area changes its highlighted color, or a new menu or saeen is dis- 
played, confirming communication between the light pen and the display screen. Of course, other devices, such as a 
keytxjard. mouse, or other pointing or communication device, may be used instead of onn addition to light pen 73b to 
5 allow the user to communicate with processor 50. 

Fig. 1C illustrates a general overview of CVD apparatus 10 in relation to a gas supply panel 80 located in a dean 
room As discussed above, CVD apparatus 10 includes chamber 15 with heater 25, gas mixing box 273 with inputs from 
supply line 43 arxl conduit 47. and remote microwave plasma system 55 with input line 57 As mentioned above, gas 
mixing box 273 is for mixing and injecting deposition gas(es) and clean gas(es) or other gas(es) through inlet tufc>e 43 
10 to the processing chamber 15. As seen in Rg. 1C. remote microwave plasma system 55 is integrally located artd 
mounted t>elow chamber 15 with conduit 47 coming up alongside chamber 15 to gate valve 280 and gas mixing box 
273, located above chamber 15. Similarly, gas supply line 43. which comes up alongside chamber 15 to gas mixing box 
273. is provided with reactive gases via lines 83 and 85 from gas supply panel 80. Gas supply panel 80 includes lines 
to gas or liquid supply sources 90. containing gases or liquids that may vary depending on the desired processes used 
15 for a particular application. Gas supply panel 80 has a mixing system 93 which receives the deposition process and car- 
rier gases (or vaporized liquids) from sources 90 for mixing and sending to gas mixing box 273 via line 85 to supply line 
43. Generally supply lines for each of the process gases include (I) shut-off valves 95 that can be used to automatically 
or manually shut off the flow of process gas into line 85 or line 57. and (ii) mass flow controllers 100 that measure the 
flow of gas or liquid through the supply lines. When toxic gases (for example, ozone and the dean gas) are used in the 
20 process, the several shut-off valves 95 may be positioned on each gas supply line in conventional configurations. The 
rate at which the deposition and carrier gases including, tor example, tetraethylorthosilane (TEOS), helium (He), and 
nitrogen (N2). and optionally tnethylphosphate (TEPO). triethylborate (TEB), and/or other dopant sources, are supplied 
to gas mixing system 93 is also controlled by liquid or gas mass flow controllers (MFCs) (not shown) and/or by valves 
(not shown) In some embodiments, gas mixing system 93 includes a liquid injection system for vaporizing reactant liq- 
25 uids such as TEOS and TEPO According to these embodiments, a mixture induding TEPO as the phosphorus source. 
TEOS as the silicon source, and one or more gaseous oxygen sources, such as oxygen (O2) or ozone (O3). may be 
formed with gas mixing system 93. The TEPO and TEOS are all liquid sources that also may be vaporized by conven- 
tional boiler-type or bubbler-type hot boxes in other embodiments. A liquid injection system is prefen-ed as it provides 
greater control of the volume of reactant liquid introduced into the gas mixing system. The vaporized gases are then 
30 mixed in the gas mixing system with a carrier gas. such as helium, before being delivered to heated line 85. Of course, 
it is recognized that other sources of dopants, silicon, and oxygen also may be used. 

Additionally gas supply panel 80 includes switching valve 95. which under the control of processor 50. can selec- 
tively send the clean gas with along process gas line 83 to gas supply line 43 or along clean gas line 57 to remote 
microwave plasma system 55. When processor 50 causes switching valve 95 to send the dean gas with N2 via input 
35 line 57 to plasma system 55. a plasma remote from chamber 1 5 is tormed due to application of microwave energy and 
cleaning radicals are produced for transfer to gas conduit 47. Processor 50 can also cause another valve 96 to send 
ozone through line 83 to gas supply line 43 and to send the deposition and carrier gases from gas mixing system 93 
through heated line 85 to gas supply line 43. In alternative embodiments, valve 95 is connected at Its output only to line 
97 and selectively allows clean gas and to pass through line 97 to a switching valve 105 (not shown) Located at a 
40 point close to inlet 57 and renrKite system 55. switching valve 1 05 in these embodiments would be connected to inlet 57 
to remote microwave system 55 and also to line 83 leading to inlet 43. In specific embodiments, gate valve 280 may be 
controlled by processor 50. with instructions from the system software connputer program, to select either the dean 
gases or the deposition gases to flow into chamber 1 5. 

Located remote from the clean room where chanrtier 15 of apparatus 10 is located are a microwave power supply 
45 11 0 and ozonator 1 1 5. Power supply 1 1 0 provides power to the magnetron in remote plasma system 55. Ozonator 1 1 5. 
applies power to oxygen (O2) which is used as input to provide ozone (O3) as output for use as at least one of the 
sources 90. In other embodiments, power supply 1 10 and ozonator 115 may be located m the dean room rather than 
being remotely located. Further, in multichamber systems requiring multiple ozone sources and/or multiple remote 
microwave plasma systems 55. multiple ozonators 115 and multiple power supplies 110 may be provided. 
50 The processes for depositing the film, performing a clean, and performing reflow or drive-in steps can be imple- 

mented using a computer program product that is executed by processor 50. The conputer program code can be writ- 
ten in any conventional conputer readable programming language such as. for example, 68000 assembly language. C. 
C-M-, Pascal. Fortran, or other language. Suitable program code is entered into a single file, or multiple files, using a 
conventional text editor and is stored or embodied in a computer-usaWe medium, such as a merrxjry system of the com- 
55 puter. If the entered code text is in a high-l»/el language, the code is compiled, and the resultant compiler code is then 
linked with an object code of preconpiled Windows library routines. To execute the linked compiled object code, the 
system user invokes the object code, causing the computer system to load the code m mennory. from which the CPU 
reads and executes the code to perform the tasks identified in the program. 
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Fig. 1 D is an illustrative block diagram of the hierarchical control structure of the system control software, computer 
program 150. according to a specific embodiment. Using a light pen interlace, a user enters a process set number and 
process chamber number into a process selector subroutine 1 53 in response to menus or screens displayed on the 
CRT monitor. The process sets, which are predetermined sets of process parameters necessary to carry out specrfied 
processes, are identified by predefined set numbers. Process selector subroutine 153 identifies (i) the desired process 
chamber, and (li) the desired set of process parameters needed to operate the process chamber for performing the 
desired process. The process parameters for performing a specific process relate to process conditions such as, for 
example, process gas composition artd flow rates, temperature, pressure, plasma conditions such as magnetron power 
levels (and alternatively to or in addition to high- and low-frequency RF power le^/els arxj the low-frequency RF fre- 
quency, for embodiments equipped with RF plasma systems), cooling gas pressure, and chamber wall temperature. 
Process selector subroutine 1 53 controls what type of process (deposition, wafer cleaning, chamber cleaning, chamber 
gettering, ref lowing) is performed at a certain time in chamber 15. In some embodiments, there may be more than one 
process selector subroutine. The process parameters are provided to the user in the form of a recipe arxJ may be 
entered utilizing the light pen/CRT monitor interface. 

The signals for monitoring the process are provided by the analog input board and digital input board of the system 
controller, and the signals for controlling the process are output on the analog output board and digital output board of 
CVD system 10. 

A process sequencer subroutine 1 55 comprises program code for accepting the identified process chamber and 
set of process parameters from process selector subroutine 1 53. and for controlling operation of the various process 
chambers. IVIultiple users can enter process set nunnbers and process chamber numbers, or a single user can enter 
multiple process set numbers and process chamber numbers, so sequencer subroutine 1 55 operates to schedule the 
selected processes in the desired sequence. Preferably, sequencer subroutine 1 55 includes program code to perform 
the steps of (i) monitoring the operation of the process chamt>ers to determine if the chambers are being used, (ii) deter- 
mining what processes are being carried out in the channbers being used, and (iii) executing the desired process based 
on availability of a process chamber and the type of process to be carried out. Conventional methods of monitoring the 
process chambers can be used, such as polling. When scheduling which process is to be executed, sequencer subrou- 
tine 1 55 can be designed to take into consideration the present condition of the process chamber being used in com- 
parison with the desired process conditions for a selected process, or the "age" of each particular user-entered request, 
or any other relevant factor a system programmer desires to include for determining scheduling priorities. 

Once sequencer subroutine 1 55 determines which process chamber and process set combination is going to be 
executed next, the sequencer subroutine 1 55 initiates execution of the process set by passing the particular process 
set parameters to a chamber manager subroutine 157a-c which controls multiple processing tasks in a process cham- 
ber 1 5 according to the process set determined by sequencer subroutine 1 55. For example, the chamber manager sub- 
routine 157a comprises program code for controlling CVD and cleaning process operations in process chamber 15. 
Chamber manager subroutine 1 57 also controls execution of various chamber component subroutines which control 
operation of the chamber components necessary to carry out the selected process set. Examples of chamber compo- 
nent subroutines are substrate positioning subroutine 160. process gas control subroutine 163, pressure control sub- 
routine 165, heater control subroutine 167, plasma control subroutine 170, endpotnt detect control subroutine 159. and 
gettering control subroutine 169 Depending on the specific configuraton of the CVD chamber, some embodiments 
include all of the above subroutines, while other embodiments may include only some of the subroutines. Those having 
ordinary skill in the art would readily recognize that other chamber control subroutines can be included depending on 
what processes are to be performed in process chamber 15. In operation, chamber manager subroutine 157a selec- 
tively schedules or calls the process component subroutines in accordance with the p>articular process set being exe- 
cuted. Chamber manager subroutine 157a schedules the process component subroutines much like sequencer 
subroutine 1 55 schedules which process chamber 1 5 and process set are to be executed next. Typically, chamber man- 
ager subroutine I57a includes steps of monitoring the various chamber components, determining which components 
need to be operated based on the process parameters for the process set to be executed, and initiating execution of a 
chamber component subroutine responsive to the nx>nitoring and determining steps. 

Operation of particular chamber component subroutines will now be described with reference to Fig. 1 D. Substrate 
positioning subroutine 160 comprises program code for controlling chamber components that are used to load the sub- 
strate onto heater 25 and. optionally, to lift the substrate to a desired height in chamber 15 to control the spacing 
between the substrate and gas distribution manifold 20. When a substrate is loaded into process chamber 15. heater 
25 is lowered to receive the substrate and then heater 25 is raised to the desired height. In operation, substrate posi- 
tioning subroutine 160 controls movement of heater 25 in response to process set parameters related to the support 
height that are transferred from chamber manager subroutine 157a. 

Process gas control subroutine 1 63 has program code for controlling process gas conposition and f tow rates. Proc- 
ess gas control subroutine 1 63 controls the open/close position of the safety shut-off valves, and also ramps up/down 
the mass flow controllers to obtain the desired gas flow rate. Process gas control subroutine 1 63 is invoked by the 
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chamber manager subroutine 157a, as are all chamber component subroutines, and receives subroutine process 
parameters related to the desired gas flow rates from the chamber manager. Typically, process gas control subroutine 
163 operates by opening the gas supply lines and repeatedly (i) reading the necessary mass flow controllers. 00 com- 
paring the readings to the desired tbw rates received from chamber manager subroutine 157a. and (tii) adjusting the 

5 flow rates of the gas supply lines as necessary. Furthermore, process gas control subroutine 163 includes steps for 
monitoring the gas flow rates for ur»safe rates, and activating tiie safety shut-off valves when an unsafe condition is 
detected. Process gas control subroutine 1 63 also conti-ols the gas composrtion and flow rates for clean gases as well 
as for deposrtion gases, depending on tiie desired process (clean or deposition or other) that is selected. Alternative 
embodiments could have more than one process gas control subroutine 613. each subroutine 613 controlling a specific 

ID type of process or Specific sets of gas lines. 

In some processes, an inert gas such as niti-ogen or argon is flowed into chancer 15 to stabilize ttie pressure in 
the chamber before reacttve process gases are introduced. For these processes, process gas control subroutine 163 
is programmed to include steps for flowing tiie inert gas into ctiamber 1 5 for an amount of time necessary to stabilize 
the pressure in the chancer, arxl then the steps described above would be carried out. Additionally, when a process 

15 gas is to be vaporized from a liquid precursor, for example TEOS, process gas control subroutine 163 would be written 
to include steps for txibbling a delivery gas such as helium through the liquid precursor in a bubbler assembly, or inti-o- 
ducing a carrier gas such as helium to a liquid injection system. When a bubbler is used for this type of process, process 
gas control subroutine 163 regulates the flow of the delivery gas. tine pressure in the bubbler, and the bubbler temper- 
atijre in order to obtain the desired process gas flow rates. As discussed above, tine desired process gas flow rates are 

20 transferred to process gas corrtrol subroutine 1 63 as process parameters. Furthermore, process gas conti-ol subroutine 
1 63 includes steps for obtaining the necessary delivery gas flow rate, bubbler pressure, and bubbler temperature for the 
desired process gas flow rate by accessing a stored table containing the necessary values for a given process gas flow 
rate. Once the necessary values are obtained, tine delivery gas flow rate, bubbler pressure and bubbler temperature are 
monitored, compared to tine necessary values and adjusted accordingly. 

25 The pressure confrol subroutine 1 65 comprises program code for controlling tine pressure in ttie chamber 1 5 by 

regulating the aperture size of the tfirottle valve in the exhaust system of tine chamber. The aperture size of the throttle 
valve is set to control the chamber pressure at a desired level in relation to tine total process gas flow, tine size of tine 
process chamber, and tine pumping set-point pressure for the exhaust system. When pressure control subroutine 165 
is invoked, the desired or target fxessure level is received as a parameter from chamber manager subroutine 1 57a. The 

30 pressure control subroutine 1 65 measures the pressure in chamber 15 by reading one or more conventional pressure 
nanometers connected to the chamber, compares tine measure value(s) to the target pressure, obtains PID (propor- 
tional, integral, and differential) values corresponding to the target pressure from a stored pressure table, and adjusts 
the throttle valve according to the PID values obtained from the pressure table. Alternatively, pressure confrol subrou- 
tine 1 65 can be written to open or close the throttie valve to a particular apertjre size to regulate tine pressure in cham- 

35 ber 15 to the desired level. 

Heater confrol subroutine 167 comprises program code for controlling the tennperature of a heater element 473 
used to resistively heat heater 25 (and any substrate thereon). Referring to Fig. IE, heater control subroutine 167, 
which is also invoked by chamber manager sutxoutine 157a. receives a desired target/set-point temperature parame- 
ter, Tdes. as an input (step 580). In step 582. heater control subroutine 167 measures the current temperatijre of heater 

40 25 by measuring voltage output of a tinermocouple located in heater 25. The current temperature is denoted T(k). where 
k is tiie current time step of heater confrol subroutine 167. The controller obtains the temperature T(k) from the tinermo- 
couple voltage by looking up the corresponding temperature in a stored conversion tatMe or by calculating the temper- 
ature using a fourth-order pdyrramlal In an exemplary emtxxlimerrt. heater control subroutine 167 in step 584 
calculates the temperatijre en-or. The temperatijre error, denoted En-^emp. "s determined by the equation 

45 Err,,^p(k)=T,,,-T(k). 

In step 584, heater control subroutine 167 will select one of two corrtrol algorithms based on the absolute value of 
Err,emp(k) f the absolute value of the temperature error is smaller tinan a predetermined txjundary error, tine heater 
confrol subroutine will select a tennperature regulator algorithm (steps 586 and 588). TTnis algoritinm precisely controls 
the temperatijre at the desired temperature. T^es the absolute value of tine temperature error is greater ttian the 

50 boundary error, heater confrol subroutine 167 will select a temperature ramp confrol algorithm (step 590). This algo- 
rittim controls tine rate at which tine heater temperature will approach tine desired tennperature. J^^^, i.e . it confrols the 
rate at which the tennperature changes. 

The temperature regulator algorithm (steps 586 and 588) uses feedback and feedforward control to update tine 
power delivered to tine heating element embedded in heater 25 so as to maintain tine current temperature. T(k). as dose 

55 to Td«s as possible. The feedfonward confrol in tinis algorithm estimates the annount of power necessary to maintain tine 
desired tennperature given the annount arxJ type of gas flow and RF power supplied to the chamber. The feedback con- 
trol uses starKlard Proportional- Integral-Derivative (PID) contrc>l terms to adjust the estimated feedfonward power based 
on tine dynamic behavior of the temperatijre error. Err,emp(k). PID confrol is the type of algorithm used in conventional 



12 



EP 0 843 348 A2 



heater control systems without regard to the value of the temperature error. If these routines seek to control the tem- 
perature ramp rate, they will define a time-varying Tdes(k) arxj then employ the PID controller described above to track 
this desired temperature trajectory. 

In the present invention, heater control subroutine 167 preferably employs the temperature ramp control algorithm 
(steps 590) to control power to heater 25 when the absolute value of temperature error is greater than the boundary 
error. This algorithm controls T'(k), which is the rate of change of the temperature, T(k), at time step k. The rate of 
change of temperature should be controlled because the heater 25 can be made of a ceramic material, which may frac- 
ture from thermal shock if the temperature changes too quickJy. The ramp control algorithm uses feedfonward and Pro- 
portional feedback control to control T(k) to a predetermined desired ramp rate function, Tjj^g(T). The desired ramp 
rate is mainly a function of the temperature of the heater and is based on the thermal shock resistance of the heater 25 
at various temperatures. Thus, the desired ramp rate may continuously change based on the current measured tem- 
perature of the heater, or it may be set at a constant based on a minimum rate that is low enough to avoid thermal shock 
within the range of temperatures of a particular process. The control algorithm also employs a saturation function on 
the rate of change of power supplied to the heater to darrp the system response, which reduces oscillations in ramp 
rate. 

Controllers that attempt to regulate ramp rate by tracking a timed temperature trajectory at best can only guarantee 
that a desired temperature. T(^es(K). will be achieved at some time K in the future. The average ramp rate over the time 
interval of length K will be T^es- However, the instantaneous rate of change of temperature T(k) may vary widely during 
that interval. Consider the case in which a disturbance causes the temperature to remain stable for some interval of 
time less than K. The controller will then attempt to as quickly as possible "catch up" to the desired trajectory T^egCk). 
The ramp rate for the time Interval during which the controller is catching up will be greater than T^^. That scenario 
could result in thermal shock fracture. By controlling the rarrp rate directly, the current invention avoids this potential 
scertario. 

Referring to Fig IE, an exemplary ramp control algorithm will now be described. After the desired temperature, 
Tdes is input (step 580). the current temperature T(k) is measured (step 582), and the temperature error is determined 
(step 584). the ramp control algorithm calculates the actual ramp rate TXk) using a numerical differentiation technique. 
It also determines the desired ramp rate. Tdo6(T(k)). based on the current value of T(k). and the error in ramp rate. 
Errrrate=''"'de5('''(k))-'r(k) (steps 592 and 594). The actual ramp rate T'(k) is calculated from measured tenrperature 
T(k) over a range of temperature measurement samples. In general, Tdes(T(k)) may be any continuous function of tem- 
perature in various embodiments. In the specific embodiment, TdQs(T(k)) is set to be a predeternnined constant value. 
The calculated ramp rate T(k) is determined by sampling (i.e., measuring) the temperature at a predetermined sample 
rate (e.g., 10 times in a power update period, 1 second, in the specific embodiment). Then, an average of the 10 sam- 
ples is calculated and compared to the average of the previous 1 0 samples. The difference between the averages of 
the first 1 0 measured temperatures and the previous 1 0 measured temperatures is then divided by the power update 
period to obtain an average measured temperature. The derivative of the average measured temperature is then calcu- 
lated to arrive at the calculated ramp rate T{k). The ranp rate en-or ErrRRa,e may then determined by taking the differ- 
ence between the constant-valued Tdes("''(k)) and the calculated ramp rate T(k) in the specific embodiment (step 594). 
The above embodiment is an example of one numerical differentiation technique that may be used, but other tech- 
niques that may be more sophisticated also can t>e used in other embodiments. In other embodiments, other sample 
rates also may be used. 

To elaborate on step 596, an exemplary control function used in the specific embodiment is given by the following 
equation: 

P(k.Kl) = P^odeirr{k),T^3(T(k))] + Kp'|T^,JT(k))-r{k)l 

where k is the current time step arxl k+1 is the next time step. P(k+1) is the power that will be supplied to the heater at 
the next time step. Pmod©tn"(k), T"cies(T(k))]. which is a function of the desired ramp rate and measured temperature, is 
some modeled approximation of the necessary power to give a ramp rate of Tciesn'(k)) at a temperature T(k). Kp is a 
control gain constant (in Watta/(°C/second)) that is user-defined and multiplied with the ramp rate error ErrpRate- the 
specific embodiment, Pmodei[T(k).T'des('''(k))] can be approximated as P(k). This approximation is particularly true for 
slow systems such as the resistive healer with large thermal mass of the present invention The control function is then 
approximated by the following equations: 

P(k+1) = P(k) -K Kp*[Tde,(T(k))-T(k)] 

P(k+1) - P(k) - Kp-tTdes(T(k))-T(k)]. 

Because the response of the heater is slow, there is a lag between the time power is adjusted and the time when 
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the adjustment produces frie desired result For example, it ttie temperature of the heater is stable and the desired ramp 
rate is positive, the control will increase power to the heater. The temperature will not, however, immediately rise 
according to the desired ramp rate. The control will then at the next time step further increase power. It will corttinue to 
increase power until the desired ramp rate is met. By that time, however, the supplied power could be much greater than 

5 that needed to maintain the desired ramp rate. The ramp rate will continue to increase beyond Its desired value. This is 
called overshoot. Tlie controller will react by reducing power, and slowly the ramp rate will decrease. Once again, the 
controller can act faster than the heater, so it will reduce power too much and the ramp rate will decrease beyond its 
desired value. This is oscillation. Over time, the magnitude of the oscillations will decrease and the ramp rate will reach 
a constant, steady-state value. Because all real systems undergo small disturtjances. there will also be a small steady- 

10 state error. 

The value of Kp determines the size of the overshoot and the steady-state error. If Kp is large, the system will be 
more oscillatory, but steady-state error will be small. If Kp is small, the opposite is true. Typically. Kp can be large 
because Derivative confrol can be used to damp the system's response, i.e. reduce overshoot and oscillation. Steady- 
state error can be reduced by using Integral corrtrot. but this tends to increase overshoot arxj oscillation and is prefera- 

15 biy avoided in this conti^ol algorithm. In this case, derivative control is not available. It would require numerically calcu- 
lating the second derivative of the temperature. Because the signal-to-noise ratio of tiie thermocouple signal is low. its 
second derivative can not be calculated reliably Therefore, the present invention uses a large Kpto reduce steady-state 
error and a satijration function (step 598) instead of derivative control to dampen the system response. The saturation 
function effectively schedules the gam Kp such that Kp is inversely proportional to the ramp rate error, ErrpRate. During 

20 the transient portion of the system response, when errors are larger and overshoot can occur, the effective gain is small. 
In steady- state, errors are small, so the effective Kp is large. 

The exenplary satijration function used to dampen system response is given by the following equations (step 598). 
For these equations. P(k+1 ) refers to the power defined by the corrtrol equation given above. Pi(k+1 ) is tiie actijal power 
supplied to the heater P'^ax 's the predetermined maximum allowable change in supplied power from one time step to 

25 the next. The exemplary saturation function is as follows: 

if lP(k+l)-P(k)|>F„„, 

then Pi(k+l)=P(k)-F^3, for P(k-»-l)>P(k) 

30 

andPi(k+l) = P(k)-P'^„for P(k+l)<P(k) 
else Pi(k+l)=P(k+l) 

35 

A new term Kp^ti(k) can now be defined as the effective gain of tiie controller at time step k. Clearly, if 
p ^(k+1)=P(k+1) the effective gain at time k equals the gain Kp. But if the satijration function is applied. Kp^ftCk) is 
defined by substituting P{k+1) for Pi( k+1) in the equations above and combining them with the equation: 
= Pmodein'(k).T,es(^(k))] + K p '[T ^CT(k))-r(k) ]. The term Kp^tf(k) is as follows: 

40 

P'max=»<petf(k)*Err RRajeW: 
KpettW^P'max/E"- RRateW- 

45 By making the effective gain small when the ramp rate error is large, overshoot and oscillation in the response are min- 
imized by this satijration function. This reduces tiie likelihood of damage to the heater from poor ramp rate control. 
Accordingly, the ramp conti-ol algorithm of heater control subroutine 167 dampens the system's response when large 
ramp rate errors occur, thereby resulting in more efficient temperature control. 

A plasma control subroutine 1 70 comprises program code for setting the magneti-on power levels and mode (CW 

50 or pulsed). In alternative embodiments having RF plasma systems, plasma control subroutine 170 also could include 
program code for setting low- and high-frequency RF power levels applied to tiie process electi-odes in chamber 1 5. and 
for setting the low-frequency RF frequency employed. Of course, some embodiments may have one plasma control 
subroutine 1 70 used for microwave power levels and another plasma conti^ol subroutine 1 70 used for RF power l&/els 
Like the previously desaibed chamber component sutxoutines, plasma conti-ol subroutine 170 is invoked by chamber 

55 manager subroutine 157a. 

A plasma control subroutine 1 70 comprises program code for setting and adjusting the magnetron power levels and 
mode (CW or pulsed). In alternative embodiments having RF plasma systems, plasma control siixoutine 170 also 
could include program code for setting low- and high-frequency RF power levels applied to the process electrodes in 
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chamber 15, and for setting the low-frequency RF frequency employed. Of course, some embodiments may have one 
plasma control subroutine 1 70 used for microwave power levels arxJ arrather plasma control subroutine 1 70 used for RF 
power levels. Like the previously described chamber component subroutines, plasma control subroutine 1 70 is invoked 
by chamber manager subroutine 157a. In embodiments having gate valve 280. plasma control subroutine 170 also 
e includes program code for opening and closing of gate valve 280 to coordinate with the setting/adjusting of microwave 
power levels. Alternatively, the system software may have a separate gate valve control subroutine in embodiments 
having gate valve 280. 

An endpoint detect control subroutine 1 59 includes program code for managing endpoint detection by controlling a 
light source and a light detector, receiving data from the light detector for use in connparing light intensity changes from 

70 absorbance. and optionally stoppng the cleaning process upon detecting a predetermined light intensity level or raising 
a flag indicating the endpoint of the cleaning process. Endpoint detect control subroutine 159 also may be invoked by 
chamber manager subroutne I57a Endpoint detect control subroutine 159 is included for those embodiments using 
the endpoint detection system described below. It is recognized that embodiments not having an endpoint detection 
system would not need to use or have endpoint detect control subroutine 159. 

15 Optionally, a gettering control subroutine 1 69 may be included that can be invoked by chanri^er manager subroutine 
157a. Gettering control subroutine 169 includes program code for controlling gettering processes that may be used for 
chamber seasoning, post-clean fluorine gettering. etc. In some embodiments, gettering control subroutine 169 can 
invoke specified software built into the clean recipe to facilitate gettering control in combination with the dean recipe 
used. 

20 The CVD system description presented above is mainly for general illustrative purposes and should not be consid- 
ered as limiting the scope of the present invention. The exemplary CVD system 10 is a single-wafer vacuum chamber 
system. However, other CVD systems that are multiple-wafer chamber systems may be used in other embodiments of 
the invention. It should be understood, however, that although certain features of the invention are shown and described 
as part of a CVD chamber in a muttichamber processing system, the invention is not necessarily intertded to be limited 

25 in this manner That is. the invention can be used in a variety of processing chambers, such as etch chambers, diffusion 
chambers or the like. Variations of the above described system such as variations in design, heater design, location of 
RF power connections, software operation and structure, specific algorithms used in some software subroutines, con- 
figuration of gas inlet lines and valves, and other modifications are possible. Additionally, other plasma CVD equipment 
such as electron cyclotron resonance (ECR) plasma CVD devices, induction coupled RF high density plasma CVD 

30 devices, or the like may be employed. The dielectric layers and methods for forming such layers for use in the present 
invention should not necessarily be limited to any specific apparatus or to any specific plasma excitation method. 

As shown in Figs 2 ar»d 3. CVD apparatus 10 generally includes an enclosure assembly 200 having vertically mov- 
at>le heater (wafer support pedestal or susceptor) 25 for supporting a semiconductor wafer within a vacuum chamber 
1 5 Process gas(es) are delivered into chamber 1 5 to perform various deposition and etching steps on the wafer. A gas 

35 distribution system 205 (Figs. 2-6) distributes process gases from gas sources 90 (Fig. 1C) onto the wafer, and an 
exhaust system 210 (Figs. 2-4) discharges the process gases and other residue from chamber 15. CVD apparatus 10 
further includes a heater/lift assembly 30 (Figs. 1 A. 9-15) that includes heater 25 for heating the wafer and for lifting the 
wafer upwards into a processing position within chamber 15. An integral remote microwave plasma system 55 (Figs. 1 A 
and 16) is also provided in CVD apparatus 10 for periodic chamber cleaning, wafer cleaning, or depositing steps. 

40 As Shown in Fig. 2. CVD apparatus 10 further includes a liquid cooling system 215 for delivering coolant to various 
components of the chamber 1 5 to cool these components during the high tennperature processing. Liquid cooling sys- 
tem 215 acts to decrease the temperature of these channber connponents to minimize undesired deposition onto these 
components due to the high temperature processes. Liqukj cooling system 215 includes a pair of water connections 
217. 219 that supply cooling water through the heater/lift assembly 30 and a coolant manifold (not shown) for delivering 

45 coolant to the gas distribution system 205 (discussed below). A waterflow detector 220 detects the waterftow from a 
heat exchanger (not shown) to enclosure assembly 200. Preferred embodiments of the individual systems of apparatus 
1 0 will be described in further detail below. 

A. Enclosure Assembly 

50 

Referring to Figs. 2 and 6, enclosure assembly 200 is preferably an integral housing made from a process-compat- 
ible material, such as aluminum or anodized aluminum. Enclosure assembly 200 includes an outer lid assembly 225 for 
delivering process and clean gases through an inlet tulje 43 to an inner lid assembly 230 within assembly 200 Inner lid 
assembly 230 functions to disperse the gases throughout chamber 1 5 onto a wafer (not shown) supported on heater 
55 25. As shown in Fig. 2. a ltd cover 233 provides access to the components on the top of enclosure assembly 200 (i.e. , 
outer lid assembly 32). and shields the operator from exposure to high temperatures during system operation. For 
SACVD processes, lid cover 233 preferably includes a cutout 235 to allow clearance for lid clanrps 237 that ensure gas 
integrity of the channber 16. Lid cover 233 generally rennains closed during most process steps unless the chamber is 
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opened, for example, to perform a preventive maintenance chamber cleaning, thereby breaking the vacuum and bring- 
ing the chamber to atmospheric pressure. A lid hinge 239 includes a locking ratchet mechanism 241 to prevent the lid 
cover 233 from falling closed. 

As shown in Fig. 2, enclosure assembly 200 defines a vacuum lock door (rot shown) and a sirt valve opening 243 
5 through which a wafer loading assembly (not shown) transports a wafer W into process charrber 1 6 and loads wafer W 
onto heater 25. The wafer loading assembly is preferably a conventional robotic mechanism disposed within a transfer 
chamber (not shown) of the nxiltichamber processing system. A suitable robotic transfer assembly is described in com- 
monly assigned U.S. Patent No. 4.951 .601 to Maydan. the complete disclosure of which is incorporated herein by ref- 
erence. 

10 Referring to Figs. 3. 4. 7A and 7B. the inside wall 245 of enclosure assembly 200 around chanrtier 15 is covered 

with a chamber liner 250. which rests on a shelf 252 of enclosure assembly 200. Chamber liner 250 serves to inhibit 
process gases from flowing to the back side of the wafer. In addition, since heater 25 has a smaller diameter than enclo- 
sure assembly 200. liner 250 inhibits the flow of process gases below heater 25 to the lower portion of chamber 15. 
Accordingly undesired deposition onto the bottom of heater 25 and the lower portion of chamber 1 5 is minimized. Fur- 

15 ther. liner 250 provides thermal insulation between the aluminum walls of enclosure assennbiy 200 and the edge of the 
wafer on heater 25. in order to prevent wafer edge cooling during high temperature processing. During high temperature 
processing, liner 250 prevents excessive heat loss from the hotter edges of the wafer on heater 25 (e.g., about 550- 
600*'C) to the cooler surrounding chamber walls (e.g., about 60*C). Withotrt liner 250, the heat effects at the edge of the 
wafer may adversely affect temperature uniformity across the wafer and lead to non-uniform deposition. Liner 250 pref- 

20 erably comprises an inner portion 253 formed of a process-compatible material that Is well suited for high temperature 
processes (e.g.. greater than about 500°C). Preferably, inner portion 253 of liner 250 comprises a ceramic material, 
such as aluminum nitride, alumina, or the like, with alumina being the preferred material. Inner portion 253 will usually 
have a thickness of about 0 1 to 1 inch (2.52 mm) and preferably about 0.2 to 0.3 Inch (5 to 7.5 mm). 

Liner 250 preferably comprises an outer portion 255 that comprises a material that is less susceptible to cracking 

25 than ceramic, such as alumimjm. Outer portion 255 rests on shelf 252 of enclosure assembly, and includes an annular 
lip 254 for supporting inner portion 253 of liner 250. In a particularly preferred embodiment, outer portion 255 includes 
a plurality of circumferentlally spaced vertical struts 257 that define inner air gaps 259 therebetween, as shown in Figs. 
7 A and 7B. Air gaps 259 facilitate Insulation of the inner portion 253 of liner 250 from the outer chamber walls to 
increase wafer temperature uniformity (otherwise the outer edge of the wafer could cool down due to the surrounding 

30 Chamber wall tenrperature. which is cool relative to the heater and wafer temperature) . In addition, air gaps 259 provide 
thickness to liner 250 so that It can bridge the gap between the outer chamber walls and heater 25 while minimizing the 
cracking or other thermal damage that may occur with a thicker liner 250. Outer portion 255 of liner 250 usually has a 
thickness of about 0.5 to 2 inches (1 ,26 to 5 cm) wrth an air gap 259 thickness of about 0.2 to 1 .5 inches (0.5 to 3.78 
cm), and preferably about 0.9 to 1 .1 Inch (2,27 to 2,677 cm) with an air gap 259 thickness of about 0.6 to 0.9 inch (1 .5 

35 to 2.27 cm). An annular cover 261 is positioned on the upper surface of outer liner 255 to form the lower wall of a pump- 
ing channel 40 (discussed below). Annular cover 262 preferably comprises a ceramic material, such as aluminum oxide 
or aluminum nitride, to shield the aluminum outer portion 255 of liner 250 from process gases and the heat within pump- 
ing channel 40. 

In an alternative embodiment (not shown), liner 250 only compnses inner ceramic portion 255 resting on shelf 252 
40 Of enclosure assembly and annular cover 261 forming the bottom of pumping channel 40. In this embodiment, outer 
portion 255 is replaced with an air gap (not shown) between ceramic portion 255 and the inside wall of enclosure 
assembly. The air gap insulates the high temperature wafer from the cooler walls of the enclosure asserrtsly. and it pro- 
vides thickness to liner 250 to bridge the gap between the chamt>er walls and heater 25. 

45 B. Gas Distribution System 

Referring to Rgs, 2 and 6. outer lid assen-Wy 225 generally includes a lid or base plate 265. a coolant manifold (not 
shown), a dean gas manifold 270 that includes conduit 47. gas mixing box 273 for mixing and injecting process gas(es) 
and cleaning gas(es) through inlet tube 43 to the processing chamber 1 5. and a gate valve 280 for selectively distribut- 

50 ing cleaning and/or process gases to gas mixing box 273. Of course, it should be clearly understood that gate valve 280 
is optional, and that outer lid assembly 225 can be modified to selectively distribute cleaning and/or process gases to 
box 273 without a gate valve As shown in Fig 4. gas mixing tjox 273. clean gas manifold 277 and gate valve 280 are 
preferatjiy fastened, e.g.. bolted, to the top surface of base plate 265 Rrst and second gas passages 83, 85 are 
mounted to the exterior of plate 265. and extend Into gas mixing tx)x 273. Gas passages 83. 85 each have inlets suitably 

55 coupled to sources 90 of gas (see Fig. 1 C). such as ozone, TECS. TEPO. helium, nitrogen, clean gas. or the like, and 
outlets (not shown) in communication with a mixing area 93 within box 273 tor mixing the gases prior to delivering them 
through inlet tube 43 into the inner lid assembly 230. 

It should be noted that for plasma processes. CVD apparatus 10 will further include a gas feed-through box (not 
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shown) housing gas passages 83, 85 to enable the application of high voltage RF power 1o the gas t>ox without gas 
breakdown, and without gas deposition in the gas distribution system. A description of an exemplary gas feed-through 
box can be found in U.S. Patent No. 4,872,947 to Wang, the complete disclosure of which is incorporated herein by ref- 
erence. 

As shown in Fig 6 A, clean gas manifold 70 includes conduit 47 for receiving gas(es) from inlet 290, and directing 
these gas(es) through a fluid passage 293 into gas mixing box 273. Gate valve 280 includes a valve plug (not shown) 
seated within passage 293 for selectively allowing or preventing the gases from passing through conduit 47 into gas 
mixing box 273. Gate valve 280 may be manually operated by actuating handle 281 , or gate valve 280 may be control- 
led by processor 50. During cleaning (discussed below), gate valve 280 is configured to allow the clean gases from 
plasma system 55 to pass into box 273. where they are directed through inlet tube 43 into chamber 1 5 to etch the wafer 
or the inner chamber walls and the other connponents of apparatus 10. 

As shown in Ftg. 3, clean gas manifold 270 is constructed integral to the top part of enclosure assembly 200 of 
apparatus 10, with conduit 47 having an appropriate bend or curve from the top toward the side of chiamber 1 5. Conduit 
47 of manifold 270 has an opening into a passage integrally formed within a side wall of enclosure assembly 200 of 
apparatus 10. which may become heated due to the high temperatures at which heater 25 operates. This passage is 
equipped with an internal Imer 291 that serves to protect the inner surfaces of the passage in enclosure assembly 200 
from corrosion and etching from the clean gas radicals entering from an applicator tube 292. Liner 291 also prevents 
recombination of radicals in the clean gas. Clean gases are introduced into applicator tube 292 from an inlet 57. Radi- 
cals are created from clean gases in applicator tube 292 by microwave energy radiated from a magnetron in plasma 
system 55, which is advantageously located toward the bottom of chamt>er 15 In enclosure assembly 200. The location 
of system 55 at the bottom of cipparatus 10 facilitates servicing of chamber 15 for preventive maintenance cleanings, 
repairs, etc In particular, opening the lid of apparatus 10 in order to perform preventive nnaintenance cleanings is easily 
done, since the bottom-mounted remote microwave plasma system 55 is not located on top of the lid of apparatus 10. 
Microwave plasma system 55 is discussed in further detail betow. As shown in Figs. 3 and 4. inlet tube 43 preferably 
includes an inner passage 295 for delivering process gases into chamber 15. and an outer, annular passage 297 in 
communication with passage 293 tor directing cleaning gases into the chamber. 

The coolant manifold, which may be fastened to the top or side surface of base plate 265, receives coolant fluid, 
such as water or a glycol\ water mixture, from the heat exchanger. The coolant is distributed from the coolant manifold 
through an annular coolant channel 93 (Figs. 4 and 5) in base plate 265 to convectively and conductively remove heat 
from plate 265 and the components of inner lid assembly 230 during processing (discussed in further detail below). 

As shown in Figs. 2 and 5. inner lid assembly 230 generally includes base plate 265. a blocker or gas dispersion 
plate 301 and a showerhead or gas distribution plate 20 for dispersing process and dean gases into chamber 15. Plates 
301. 20 are preferably formed from a process-compatible material that is capable of withstanding high temperature 
processes. For example, plates 301 . 20 may comprise a ceramic material such as aluminum oxide or aluminum nitride 
(AIN). or a metal, such as aluminum or anodized aluminum. Preferably, the plates 301 . 20 comprise a metal, such as 
aluminum or anodized aluminum, to nninimize gas deposition on the surfaces of plates 301. 20. In a particularly pre- 
ferred embodiment, gas dispersion plate 301 comprises anodized aluminum and gas distrtoution plate 20 comprises 
aluminum. Gas distribution and gas dispersion plates 301 . 20 are each directly fastened to a lower surface of base plate 
265. Preferably gas distribution and dispersion plates 20. 301 are affixed to lower surface of base plate 265 with a plu- 
rality of threaded mounting screws 303, 305. respectively Mounting screws 303, 305 provide a relatively tight, surface- 
to-surface contact between contact surfaces of gas distribution and dispersion plates 20, 301 . respectively and lower 
surface of base plate 265 to facilitate conductive heat exchange therebetween (discussed In greater detail below). The 
mounting screws 303. 305 comprise a process-compatible material, such an nickel, HasteloyC Haynes(!) or the like. 

Referring to Figs. 4 and 5. gas distribution plate 20 is a substantially flat plate 31 1 having an outer flange 313 with 
a plurality of holes 315 for receiving mounting screws 305 to provide engagement o( the contact surface of plate 20 with 
lower surface of base plate 265. Base plate 265 includes an outer annular stand-off 316 that spaces gas distribution 
plate 20 from the bottom surface of 265 and forms a chamber 31 7 (see Fig. 4) between these two plates for dispersing 
the process gas uniformly through a plurality of gas distribution holes 315 onto a semiconductor wafer. Alternatively gas 
distribution plate 20 may comprise a dish-shaped device (not shown) having a centrally disposed cavity defined by a 
side wall and a base wall. 

The size and arrangement of gas distribution holes 315 will vary depending on the process characteristics. For 
example, the holes 31 5 may be uniformly spaced to provide a uniform distribution of gases onto the wafer On the other 
hand, holes 315 may be non-uniformly spaced and ananged. if desired. Holes 315 will usually have a diameter in the 
range of about 5-100 mil (0.126 to 2,5 mm) and preferably in the range of about 10-50 mil (0.252 to 1.26 mm). Prefer- 
ably, gas distribution holes 31 5 are designed to pxomote uniformity of deposition on the semiconductor wafer. The holes 
(as well as the manifold temperature, discussed above) are also designed to avoid the formation of deposits on the 
manifokj outer (bottom) surface and, in particular, to prevent the deposition of soft deposits on that surface which could 
flake off and drop onto the wafer during and after processing. In an exemplary embodiment, the hole array is one of gen- 
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erally concentric rings of holes 315. The distances between adjacent rings (ring-to-ring spacings) are approxirnately 
equal, and the hole-to-hole spacing within each ring is approximately equal. A nxjre complete description of a suitatDle 
arrangement for the gas distribution holes is described in commonly assigned U.S. Patent Nio. 4,872.947 to Wang, the 
complete disclosure of which has previously been incorporated by reference. 
5 Gas dispersion plate 301 Is a generally circular disk 321 including a plurality of gas dispersion holes 325 for dis- 

persing the gas therethrough into the chamber 317 formed between outer stand-off 316 and gas distribution plate 20. 
Base plate 265 preferably Includes a second, inner stand-off 318 for spacing dispersion plate 301 from base plate 265 
and for allowing gas passing through base plate 265 to disperse into a chamber 320 (see Fig. 4) formed between stand- 
off 318 and plate 301 . Alternatively, gas dispersion plate 301 may define a recess (not shown) for forming chamber 320 
10 rather than stand-off 318. Dispersion holes 325 will usually have a diameter of about 0.02 - 0.04 mm. Of course, it will 
be recognized by those skilled in the art that dispersion plate 301 may be included in preferred embodiments of the 
invention. However, the process gases may be passed directly from base plate 265 into chamber 31 7 of gas distribution 
plate 20, in other embodiments. 

As shown in Figs. 4 and 5, base plate 255 is an Integral, single-piece element that functions to deliver process 
? 5 gas(es) to gas dispersion plate 301 and to mount the entire inner lid assembly 230 to the mainframe unit of the process- 
ing chantjer. In RF plasma processes, inner lid assembly 230 will also include an isolator (not shown) that electrically 
insulates the chamber lid from ground and isdates the chamber body from the RF gas tx)x (not shown). An exemplary 
lid assen*>ly for use with RF plasma processes is described in U.S. Patent No. 4.872.947 to Wang, the disclosure of 
which has previously been incorporated by reference. 
20 As shown in Fig. 8, base plate 265 has a lower surface 321 that defines an annular pumping channel 40 for 

exhausting the deposrtion gases (discussed in detail below). As shown In Figs. 4 and 5, base plate 265 defines a central 
hole 327 in communication with inlet tube 43 for receiving the mixed process gases from gas mixing box 273. Hole 327 
is also in communication with recess 31 1 of gas dispersion plate 301 tor dispersing the gas across plate 301 to holes 
315. Base plate 265 furlher defines a coolant passage 93 having an inlet 331 and an outlet 333 coupled to the cooling 
25 system 2 1 5 for directing coolant fluid through portions of plate 21 5 to convectiveiy cool these portions of plate 265. Pref- 
erably, coolant passage 93 is formed within portions of base plate 265 that are relatively close to mounting screws 303. 
305. This facilitates conductive cooling through contact surfaces of dispersion and distribution plates 301 , 20 and lower 
surface 326 of base plate 265. A more complete description of exemplary designs for coolant passage 93 can be found 
in commonly assigned, co-pending application Senal No. 08/631,902. filed April 16, 1996 (Attorney Docket No 1034), 
30 the corrplete disclosure of which is incorporated herein by reference, and in commonly assigned U.S. Patent No. 
4,872.947 to Wang, the complete disclosure of which has previously been incorporated by reference. 

Referring to Fig. 5. base plate 265 further defines an annular recess 343 sunounding central hole 327 and an annu- 
lar cap 345 disposed within recess 343 fastened to base plate 265 above coolant passage 93. Preferably, annular cap 
345 is welded to upper surface of base plate 265 to provide a tight sea! over passage 93. thereby effectively preventing 
35 coolant leakage from passage 93. With this configuration, passage 93 is formed relatively dose to gas distribution and 
dispersion plates 20, 301 . In addition, passage 93 is fabricated by forming a groove in the upper surface of base plate 
265. thereby decreasing the cost and complexity of manufacturing plate. 

Referring now to Figs. 68 and 6C, an alternative embodiment of inner ltd assembly 230' will now be described. Sim- 
ilar to the previous embodiment. I id assembly 230' includes a base plate 265. a gas dispersion plate 301 and a gas dis- 
40 tribution plate 20 tor dispersing process and clean gases Into chamber 15. In addition, base plate 265 includes an 
annular coolant channel 500 tor receiving a coolant liquid, such as water, to cool base plate 265 and the other compo- 
nents of lid assemt>ly 230" In this embodiment, base plate 265 further Includes an additional annular fluid channel 502 
extending around central hole 295 above gas dispersion plate 301 for exchanging heat with the portion of base plate 
265 immediately above gas dispersion and gas distribution holes 325. 315. 
45 Inner lid assembly 230' Includes a plurality of bypass passages 510 extending from chamber 320 between base 

plate 265 and gas dispersion plate 301 to vacuum chamber 15. Bypass passages 510 offer a lower resistance to fluid 
flow than gas dispersion and gas distribution holes 325, 31 5. Accordingly, a large portion of the gas flowing into cham- 
ber 320 will pass through bypass passages 520 directly into the vacuum chamber 15. In an exemplary embodiment, 
bypass passages 510 are preferably spaced circumferential I y around base plate 265 to uniformly deliver gases into the 
50 chamber 1 5 (see Fig 6E). In a preferred use of this embodiment, cleaning gases, such as NF3. pass into chamber 320 
and through gas dispersion and gas distribution holes 325, 31 5. respectively In addition, a port on of the cleaning gases 
pass through bypass passages 5l0 directly Into chamber 1 5 to facilitate the delivery of the cleaning gases Into chamber 
15. 

In this embodiment, vapor deposition apparatus 10 will preferably include a control system, such as a valve coi^led 
55 to a controller (not shown) for preventing (or at least inhibrting) gases from passing through bypass passages 51 0 For 
exarrple, during processing, it is typically desired that the process gases pass through gas distribution and dispersion 
holes 325. 315 to uniformly disperse onto the wafer Thus, the valve will be closed to prevent the process gases from 
passing through bypass passages 510. When the chamber is cleaned, the valve will be opened to quickly deliver at 
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least a portion of the cleaning gases into the chamber. This increases the speed and efficiency of the cleaning process, 
which reduces the down time of apparatus 1 0 Of course, it will be recognized that process gases may also be delivered 
through bypass passages 510, if desired. 

£ C, The Exhaust System 

Referring to Figs. 2-4, a pump (not shown) disposed exterior to C VD apparatus 1 0 provides vacuum pressure to 
draw both the process and purge gases, as well as residues, out of chamber 1 5 and through annular pumping channel 
40, where they are discharged from apparatus 10 along a discharge conduit 60. As shown in Fig. 8, the deposition and 

10 clean gases are exhausted radially outward over the wafer W (shown by arrows 351 ) through an annular slot-shaped 
orifice 355 surrounding the chamber 15 and into pumping channel 40. The annular slot-shaped orifice 355 and channel 
40 are preferably defined by the gap between the top of the chamber's cylindrical side wall 17 (including inner portion 
253 of the chamber liner 250, see Figs. 3 and 4) and the bottom of base plate 265. From the pumping channel 40, the 
gases flow circumferentially around channel 40 (shown by arrows 357) arxJ through a downwardly extending gas pas- 

75 sage 361 , past a vacuum shut off valve 363 (whose body is preferably integrated with the lower channber body), and 
into discharge conduit 60 which connects to an external vacuum pump (not shown). 

Alternatively CVD apparatus 10 may include a separate pumping plate (not shown) having a plurality of gas holes 
that directly communicate process chamber 1 5 with pumping channel 40. In this embodiment, the gas holes are circum- 
ferentially spaced around the central opening of the chamber to facilitate the uniform discharge of process gas through 

20 the holes. To accommodate the relative positions of inlets and outlets, gas holes may extend in a radially outward direc- 
tion from inlets to outlets relative to central opening. This radial orientation of holes also contributes to a substantially 
uniform discharge of the process and purge gases artd exhausted residues from the processing chamber 15. A more 
complete description of this type of pumping plate can be found in commonly assigned co-pending application Serial 
No. 08/606.880. filed February 26. 1996 (Attorney Docket No. 978). the complete disclosure of which is incorporated 

25 herein by reference. 

Referring to Figs. 2 and 3. a valve assembly (throttle valve system) 369 includes an isolation valve 371 and a throt- 
tle valve 373 disposed along discharge line 60 for controlling the flow rate of the gases through pumping channel 40. 
The pressure within processing chamber 15 is monitored with capacitance manometers 381. 383 (see Fig. 2) and con- 
trolled by varying the flow cross-sectional area of conduit 60 with throttle valve 373. Preferat)ly. processor 50 receives 

30 from manometers 381 , 383 signals that indicate the chamber pressure. Processor 50 compares the measured pressure 
value with set -point pressure values entered by operators (not shown), and determines the necessary adjuslment of 
throttle valve 333 that is required to maintain the desired pressure within chamber 15. Processor 50 relays an adjust- 
ment signal through a controller 385 to a drive nx)tor (not shown), which adjusts throttle valve 373 to a proper setting 
corresponding to the set -point pressure value. Suitable throttle valves for use with the present invention are descrit)ed 

35 In commonly assigned, co-pending application Serial No 08/672,891 entitled "Improved Apparatus and Methods for 
Controlling Process Chamber Pressure" (Attorney Docket Nos. 891/DCVD-ll/MBE). filed June 28, 1996, the conrplete 
disclosure of which is incorporated herein by reference. 

Isolation valve 371 may be used to isolate process chamber 15 from the vacuum pump to minimize the reduction 
of chamber pressure due to the pumping action of the pump. Isolation valve 371 . together with throttle valve 373. may 

40 also be used to calibrate the mass flow controllers (not shown) of CVD apparatus 1 0. In some processes, liquid dopants 
are vaporized, and then delivered into process chamber 1 5 along with a can-ier gas. The mass flow controllers are used 
to monitor the flow rate of the gas or liquid dopants into the chamber 1 5. During calibration of the MFCs, isolation valve 
371 restricts or limits the gas flow to throttle valve 373 to maximize the pressure increase in chamber 15. which facili- 
tates MFC calibration. 

45 

D. Heater/Uft Assembly 

Referring to Figs. 9-15, heater/lift assembly 30 will now be described in detail. The heater/lift assembly 30 functions 
to lift the wafer into the processing position within vacuum chamber 15 and to heat the wafer during processing. At the 

so outset, it should be noted that heater^ iff assembly 30 may be modified for use, or directly placed into, a variety of 
processing chambers other than the exemplary SACVD chamber described and shown herein. For example, heater/lift 
assembly 40 may be used in a similar CVD chamber that generates plasma with RF or microwave power, a metal CVD 
(MCVD) chamber, or other conventional or non- conventional semicorxiuctor processing chambers. 

Referring to Figs. 9 and 13, heater/Ilft assembly 30 generally includes a resistively-heated wafer support pedestal 

55 or heater 25 attached to upper and lower support shafts 391 . 393. a lift tube 395 circumscribing support shafts 391 , 393 
underneath heater 25 and a drive assembly 400 for vertically moving the heater 25, shafts 200. 201 and lift tube 202 
within chamber 15. As discussed in detail below, heater 25 (and the wafer supported thereon) can be controllably 
moved between a lower loading/unloading position where they are substantially aligned with sk3t 243 in enclosure 
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assembly 200 and an upper processing position beneath gas distribution plate 20 (Figs. 3 and 4). As shown in Fig. 7. 
heater 25 includes an upper wafer support surface 403 surrounded by an annular raised perimeter flange 405 so that 
the wafer is accurately located during prcxiessing. Wafer support surface 403 has a diameter approximately equal to the 
diameter of wafer W at the deposition temperature, e.g. . at a temperature ranging from about 200-800''C. This diameter 
5 will typically be alx>ut 6-8 inches (about 1 5 to 20 cm) for large size wafers and about 3-5 inches (about 0.75 to 1 3.0 cm) 
for small size wafers. Of course, other wafer sizes such as tfxjse with about 12 inch (about 30 cm) diameters woukJ be 
within the scope of the invention wrth appropriate modification of the chamber, the chamber lining 250, and support 
heater 25. 

Support heater 25 preferably comprises a disk made from a process-compatible material that is capable of with- 

10 standing relatively high processing temperatures, I.e., up to 600-800*C or higher The material should also be resistant 
to deposition from the reactive chemistries associated with the high temperature deposition, as well as resistant to etch- 
ing by the radicals in the clean gas. Suitable materials for heater 25 are ceramics, such as aluminum nitride, aluminum 
oxide or the like. Aluminum nitride ceramic is the preferred material for the heater 25 because it has high thermal con- 
ductivity, excellent corrosion resistance, and excellent tolerance of thermal shock. Thus, in a particularly preferred 

15 errtxxliment. the entire outer surface of heater 25 comprises aluminum nitride- Aluminum nitride has high temperature 
capabilities and high resistance to fluorine and ozone chemistries used in chamber 15. Use of aluminum nitride, as 
corrpared to stainless steel or aluminum materials, for heater 25 also has less backside metal contamination in the 
processed wafer, resulting in nnore reliable devices. In addition, aluminum tends to react with the fluorine containing 
compounds typically used in cleaning gases to form a layer of an aluminum fluoride compound that may eventually 

20 build-up and flake off into the chamber or onto the wafer, resulting in contamination (discussed in further detail below). 
Constructing the heater 25 of aluminum nitride effectively eliminates this problematic reaction during cleaning. 

Referring again to Fig. 7. drive assembly 400 may include a variety of driving mechanisms, including a pneumatic 
cylinder. controllat>le motor or the like. Preferably, a stepper motor 407 coupled to the heater via a suitable gear drive 
409 operates to vertically drive heater 25. shafts 391 . 393 and lift tube 395 in controlled increments between the load- 

25 ing/unloading and processing positions. Drive assembly 400 also includes upper and lower bellows 411,413 attached 
between the end of shaft 391 and the bottom of the processing chamber to allow for substantially free vertical move- 
ment of heater 25. In addition, bellows 411.413 allow some angular movement to ensure that the gas distribution face- 
plate 20 and the heater 25 are substantially parallel during processing. 

Referring to Figs. 4, 9 and 13. lift tube 395 surrounds the lower portion of upper shaft 391 and assists in insulating 

30 Upper bellows 41 1 from thermal energy radiating from shaft 391 . heater 25 and the inside of processing chamber 15. 
Lift tube 395 usually comprises an aluminum shaft 41 8. an annular strike plate 420 resting on the upper surface of shaft 
418 and an annular flange 422 tinat mounts plate 420 to shaft 418. Flange 422 and strike plate 420 are preferably 
formed from a material capable of withstanding high temperatures, such as aluminum nitride or aluminum oxide (AI2O3 
in Its ceramic or alumina form) Flange 422 and strike plate 420 insulate the aluminum shaft 41 8 from the heater to min- 

35 imize warping or fusing of shaft 41 8 to heater shaft 391 or to the process chamber. In an exemplary embodiment, lift 
tube 395 includes a spring (not shown), such as a wave spring, loaded between flange 422 and strike plate 420 to pre- 
vent or at least inhibit rattling of the sti-ike plate 420. 

As shown in Figs. 4 and 1 3. a plurality of wafer-support/lift fingers 430. usually at least two and preferably four are 
slidably mounted within guide studs 432 spaced about the periphery of heater 25. Fingers 430 extend downward below 

40 heater 25 so that strike plate 420 may engage fingers 430 and lift them above the upper surface of heater 25 tor loading 
and unloading wafers. Lift fingers 430 are preferably made of a ceramic material, such as aluminum oxide, and gener- 
ally have a double truncated cone shaped head (not shown) The four lift finger guide studs 432 are preferably not uni- 
formly distributed about the heater 25. but instead form a rectangle having at least one side that is wider than the width 
of the robot blade, which is typically a tinin. flat bar (not shown), around which the lift fingers 430 must lift the wafer The 

45 bottom end of the lift fingers 430 are rounded. The fingers 430 have a relatively thick diameter of about 100-200 mil 
(2,52 to 5,04 mm), preferably about 150 mil (3,8 mm), and a relatively short length of about 1-3 inches (2.52 to 7.56 
cm), preferakjiy 2 inches (5 cm), to minimize finger binding to the heater during processing. 

In use. the robot blade (not shown) transfers the wafer to the chamber 15 when the heater 25 is in position opposite 
slit 243 (or actually just below slit 243). The wafer is supported initially by lift fingers 430. which are lifted above heater 

50 25 with strike plate 420. As lift fingers 430 rise along with heater 25. they encounter a stop (not shown). As heater 25 
continues to rise to the processing position opposite gas distribution faceplate 20. lift fingers 430 sink into guide studs 
432 within heater 25 and the wafer is deposited onto wafer support surface 403 within annular flange 405. To renrxjve 
the wafer from chamber 1 5. the above steps are performed in reverse. 

Referring again to Fig. 9. a resistive heater coil assembly 440 is housed within heater 25 for transferring heat to the 

55 wafer during processing. Upper and lower support shafts 391 . 393 support the heater 25 and house the necessary 
electiical connectfons to the heater coil assembly 440 within a hollow core 445 (discussed below). Upper support shaft 
391 is made of a ceramic material capable of withstanding relatively high processing temperatijres. Preferably, shaft 
391 will be fabricated from diffusion -bonded aluminum niti-ide. which prevents deposition onto, as well as attack by 
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chemistries used in chamber 15 of, the electrodes and electrical connections within shaft 391 that might otherwise 
occur if the aluminum nitride were not present. Shaft 391 is preferably diffusion-bonded to heater 25 to provide a gas- 
tight seal between heater 25 and shaft 391 such that the hollow core 445 of shaft 391 is at ambient temperature and 
pressure (preferably atmospheric pressure, i.e., 760 Torr (1 x 10^ Pa) or 1 atm). In other embodiments, hollow core 445 

5 may be at a pressure of about 0.8-1 ,2 atm and a temperature of about 10-200*C, while chamber 15 may be at temper- 
atures of at least about 400^0 and pressures of about 20 mTorr (2.66 Pa) to about 600 Torr (8x10'* Pa) This configu- 
ration helps to protect the electrodes and other electrical connections from con-osion from the process and clean gases 
within chamber 15. In addition, maintaining the hollow core 445 of shaft 391 at ambient pressure minimizes arcing from 
the RF power source through hollow core 445 to power leads or the aluminum shaft. This arcing that might otherwise 

70 occur in a vacuum is thus avoided. 

Referring to Figs. 9 and 10. upper support shaft 391 extends through an opening 453 in the lower surface of enclo- 
sure assembly 200. artd is coupled to a base 455 that provides a gas seal between shaft 391 and chamber 1 5. Upper 
support shaft 391 is fastened, e.g., bolted, to lower support shaft 393, which comprises a suitable process-compatible 
material, such as aluminum or an aluminum alloy. Lower support shaft 393 is preferably a water-cooled aluminum shaft. 

75 However, lower support shaft 393 may also comprise a ceramic material, such as aluminum oxide or aluminum nitride. 
One or nrx>re sealing members 457, e.g., O-rings, are positioned between shafts 391, 393 to maintain the gas seal 
between core 445 and chamber 15. As shown in Fig. 9, lower support shaft 393 is mounted to a vertically movable sup- 
port 461 on drive assembly 400 for moving the shafts 391 , 393 and heater 25 between the loading arxJ processing posi- 
tions Shaft 393 defines an inner coolant channel 463 passing around the electrical connections to further insulate 

20 these connections from the high temperature of the shaft. Coolant channel 463 has an inlet 464 and an outlet 466 cou- 
pled to water connections 21 7, 219, respectively, of liquid cooling system 215. Coolant channel 463 serves to maintain 
a relatively low temperature in the lower chamber area to protect sealing member(s) 457. In an alternative embodiment, 
heater assembly 30 comprises a single shaft (not shown) that supports heater 25 and extends through the lower open- 
ing 453 in enclosure assembly 200 In this alternative embodiment, sealing members 457 would not be used. 

25 Heater coil assembly 440 is configured to provide a temperature of at least about 200-800°C in chamber 1 5 at a 

rate of about 20*'C/min. Refen-ing to Figs. 11 and 12, heater coil assembly 440 includes a heater coil 471 embedded 
into the ceramic heater 25. The routing of the heater coil 471 embedded in the heater base 25 preferably provides a 
single coil 471 that begins at one electrical contact 472 near the center of heater 25. runs back and forth along one side 
of heater 25 towards its perimeter, extends to the other side of heater 25. and then runs back arxl forth toward the center 

30 of heater 25 to a second electrical contact 474. This loop pattern provides heating to maintain a generally uniform tem- 
perature across the width of the plate while allowing for heat losses. Preferatrfy, heater coil 471 will provide a uniform 
temperature distrilxjtion of at least atxjut +/- 2*'C at 400**C and at least about +/- 8°C at eoo^C across wafer support 
surface 403 of heater 25. In an exemplary embodiment, heater coil 471 will have a greater power density near the 
center of heater 25 to reduce the thermal gradient from heater shaft 391. 

35 As shown in Fig 14, heater coil assembly 440 preferat)ly includes an embedded RF mesh ground plane electrode 
473 connected to a plurality of conductor lead wires 475 which extend through shaft 341 to a suitable electrical energy 
source. Mesh ground plane element 473 is a molybdenum mesh electrode which provides the ground path and plasma 
resistance in embodiments where plasma processes are used. Lead wires 475 preferat>ly comprise a conductive mate- 
rial that can withstand relatively high process temperatures, such as nickel, copper or the like. In an exemplary conf ig- 

40 uration, lead wires 475 are each nickel wires coupled to electrode 473 by a metal insert 477 that Is co-sintered into 
electrode 473 to avoid brazing between ceramic and metal. Inserts 477 preferatrfy conrprtse a material with a relatively 
close thermal expansion match to aluminum nitride, such as molybdenum. As shown, the molytxlenum inserts 477 are 
each fastened, e.g., brazed, to a molytxlenum plug 481 , which is then brazed to lead wire 475. All of the wires of the 
heater coil, whether primarily resistive or primarily conductive, are sheathed in the continuous insulating coating (such 

45 as described above) which tolerate high temperatures so as to withstand casting of the aluminum nitride heater body. 

Referring to Figs. 9. 15A and 15B. heater/lift assembly 30 includes at least one thermocouple 491 for determining 
the temperature of heating coil 471. Thermocouple 491 includes an elongate tube 493 having a sensor 495 (Fig. 9) 
inserted and held in contact with the underside of heater 25 at a distance of about 0.25 inch (0,53 cm) from the bottom 
of the wafer. To that end, heater 25 includes a thermocouple guide 501 (Fig. 1 5 A) brazed to heater element 473 for con- 

50 necting sensor 495 of thernxKJOuple 491 to element 473. The thernrxxx>uple 491 is held in place by a slight spring force 
from a compression spring 503 (Fig. 15B), and provides a control signal for the temperature controller (not shown). Sen- 
sor 495 is preferably disposed in a well 505 which is at atmospheric pressure, which enhances the heat transfer 
between the heating element 473 and the thernnocouple 491 to provide a more accurate reading. The temperature con- 
troller is a recipe-driven proportional integral differential (PID) controller which anticipates the recipe steps which are 

55 about to occur and alters the response characteristic of the heater to maintain a uniform temperature profile A vacuum 
seal and ground connection for the lower support shaft 393 is made along the side surface of shaft 393 (not shown) and 
connections to heater wire ends 51 1 and the thermocouple tube erxJ 513 are made at atmospheric conditions. 

When the present invention is in use. a robot Wade (not shown) transfers the wafer to the chamber 15 when the 
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heater 25 is in position opposite slit 243 (or actually just below slit 243). The heater 25 and wafer are lifted into the 
processing position by drive assennbly 400 and lift fingers 430 sink into guide studs 432 within heater 25 so tfiat the 
wafer is deposited onto wafer support surface 430 within annular flange 405 of heater 25 (Figs, 4. 9 artd 10). Process 
gases, such as TEOS and O3, are directed through gas passages 83. 85 and mixed together in mixing area 93 of gas 
mixing box 273 (see Figs. 3 and 6). The mixed gas is then delivered through inner passage 295 of inlet tube 43 and 
through central hole 327 of base plate 265 into chamber 320 above gas dispersion plate 301 , where it disperses out- 
ward and flows through holes 325 into chamber 31 7 above gas distribution plate 20 (see Figs. 4 and 5). Preferably the 
gas IS uniformly distributed through gas distritxrtion holes 315 onto the semiconductor water (not shown). 

The temperature of the wafer on heater 25 is typically held above a minimum deposition temperature by heater coil 
assembly 440 so that the process gases will react together at the wafer surface and deposit a layer thereon. Specifically 
an electric cun-ent is directed through corxJuctor wires 457 to resistive coil 473 to heat the wafer to a temperature of 
about 200-800"C. according to specific embodiments. In the preferred embodiment, the temperature is controlled by a 
feedback control system (described above for heater control subroutine 167) that maintains the ramp rate based on the 
current temperature in the chamber. During this process, inner lid assembly 230 receives heat from various sources 
including the gases passing therethrough, the heated semiconductor wafer, and the wafer heating source. To mairrtain 
the components of lid assembly 230 below the mtnimjm deposition temperature and thereby avoid gas reactions and 
deposition on these components, a coolant liquid is introduced into coolant channel 93 to rerrtove heat from base plate 
265 and gas distribution arxJ dspersion plates 20, 301. 

During the deposition process, the vacuum pump is activated to generate vacuum pressure within pumping chan- 
nel 40, thereby drawing the process gases and plasma residue out of processing chamber 15 through channel 40 and 
exhaust port 361 (Figs, 4 and 8). In addition, purge gas may be directed generally upward into processing chamber 15 
through the gap between susceptor 25 and inner portion 253 of liner 250. The purge gas minimizes leakage of process 
gas into the lower portion of apparatus 10 and facilitates the removal of the process gas through port 361 

E Integral renrote microwa ve plasma system 

Fig. 16 is a simplified diagram of a remote nricrowave plasma system 55 for cleaning the wafer and/or the process 
channber. in accordance with an embodiment of the present invention. Microwave plasma system 55 produces a plasma 
remote from processing chamber 15 for use in efficiently etching or cleaning a wafer in chamtjer 15 and/or components 
of chamber 15. and possibly for use in depositions. Microwave plasma system 55 includes applicator tube 292; a 
plasma ignition system {desCTibed below); a microwave waveguide system (described below); optimizing elements 
including an inpedance matching system 701 which nriay include an optional phase detector 703 tor embodiments 
requiring feedback for automatic impedance matching, and a circulator 705 with a load 707; and a magnetron 711. 

Magnetron 711 is a typical magnetron source capable of operating between about 500-2500 Watts for continuous 
wave (CW) or pulsed output of miaowaves of about 2.45 Gigahertz (GHz) frequency. Magnetron 711 is powered by 
power supply 1 1 0 (shown in Fig. 1 C) which may be remotely located from magnetron 71 1 . Of course, other magnetrons 
may be utilized as well. Microwaves from nnagnetron 711 are transmitted to the microwave waveguide system, which 
includes various lengths of straight arxl curved waveguide sections 71 5. 71 7 which may be connected together at joints 
719. Interspersed within the waveguide system are optimizing elements that work to provide low loss, maximum micro- 
wave ti-ansmission with minimized reflection losses and to protect the magnetron from damage due to reflected power. 
The description be\cw follows the desired direction of microwaves from magnetron 71 1 toward applicator tijbe 292. 

In a specific embodiment, microwave plasnna system 55 has magneti-on 71 1 connected to circulator 705 with load 
707, as shown in Fig. 16 Circulator 705 allows only forward microwave transmission from nnagnetron 71 1 toward appli- 
cator tube 292 Load 707 absorbs any power that might be reflected back from the waveguide system toward magnet- 
ron 71 1 Circulator 705 and load 707 thereby direct microwaves in the fonward direction and protect magnet-on 71 1 from 
damage from reflected power Circulator 705 connects to waveguide section 715 that is connected to phase detector 
703 connected to another waveguide section 71 5. Phase detector 703. if utilized, is coupled via curved waveguide sec- 
tion 71 7 to another waveguide section 715 having attached tuning or matching system 701 . Tuning system 701. which 
may use stub tuners or other tuning elements, provides plasma microwave system 55 with the ability to nnatch the load 
at waveguide section 721 to 50 W, the characteristic impedance of the waveguides. Tuning system 701 may provide 
fixed tuning, manual tuning, or automated tuning, according to specific embodiments. For embodiments using auto- 
mated tuning, phase detector 703 is a 3-diode array which detects tiie phase of microwaves transmitted for feedback to 
matching system 701. which intelligently and dynamically matches the load appropriately In the specific embodiment, 
waveguide sections have rectangular cross- sections, txrt other types of waveguide also may be used. 

As seen in Fig. 16. microwaves directed through the optimized waveguide system are transmitted from output 
waveguide section 721 to applicator tube 292, where a plasma is created. Applicator tube 292 has an input feed line 57 
that receives reactive gases that are energized by microwaves from magnetron 711 via the waveguide system ard 
other optimizing elements. Applicator tube 292 is a circular (or other cross-section) tube made of a composite or 
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ceramic material, preferably alumina, or other material resistarrt to etching by radicals in the plasma, according to a spe- 
cific embodiment. In the specific embodiment, applicator tube 292 has a length of at>out 18-24 inches (45.4 to 60,5 cm) 
and a cross -sectional diameter of about 3-4 inches (7,56 to 10,08 cm). Applicator tube 292 is disposed through 
waveguide section 721 . which is open at one end for transmitting microwaves and is terminated at the other end with a 

5 metal wall. Microwaves are then able to be transmitted through the open end of waveguide section 721 to reactive 
gases inside applicator tube 292. which is transparent to microwaves. Of course, other materials such as sapphire also 
may be used for the interior of applicator tube 292. In other embodiments, applicator tube 292 may have a metal exterior 
and an interior made of a composite or ceramic material and miaowaves in waveguide section 721 enter a window 
through the exterior of applicator tube 292 to the exposed Interior of tube 292 to energize the reactive gases. 

10 In the specific embodiment, a plasma may be ignited by plasma ignition system which includes an ultraviolet (UV) 
lamp 731 and a UV power supply 733. which nnay optionally be mounted on the metal wall of waveguide section 721 . 
Of course, UV power supply 733 may be mounted in various other locations besides on the metal wall. Powered by UV 
power supply 733. UV lamp 731 provides the initial ionization of the plasma within applicator tube 292. Microwave 
energy then sustains the ionization of the ignited plasma to produce the flow of radicals that enter inlet 290 leading to 

15 chamber 15 via gate valve 280. Due to changes in load within applicator tube 292 from the introduction and ionization 
of reactive gases within tube 292, use of matching system 701 optimizes the microwave energy coupling for efficiency. 
In preferred embodiments, matching system 701 includes at least one stub tuner under the control of processor 50 or 
a controller unit for automated tuning. As mentioned above, other conventional tuning elements also may be used in 
matching system 701. 

20 As discussed above, applicator tube 292 is mounted from and connected to the bottom of the body of chamber 15 
such that applicator tube 292 outputs plasma radicals into inlet 290 of enclosure assembly 200, as seen in Rg. 3. Rad- 
icals are input through inlet 290 into the passage in enclosure assembly 200 which is equipped with liner 291 , preferably 
made of pdytetraflouroethylene (PTFE). PTFE, which is commercially available, for example, as TeflonO PTFE is 
resistant to etching or deposition from the reactive chemistry input at inlet 290. Liner 291 prevents fluorine radical 

25 recombination in the passage during clean processes. In addition to PTFE. liner 291 also may be made of any fluori- 
nated material including f luorinated polymers such as PFA {wrfiich is a polymer combining the cartxsn-fluorine backbone 
of pdytetrafluouroethylene resins with a perfluoroalkoxy side chain), f luorinated ethylene-propylene (TFE). or the like. 
The passage is preferably circular in cross-section or other type of cross-section to match the cross-section of inlet 290 
and applicator tube 292. From this lined passage in enclosure assembly 200. plasnna radicals flow into conduit 47 in 

30 clean gas manifold 270 to gate valve 280. Clean gas manifold 270 is also constructed of PTFE. PTFE is preferred for 
cleaning applications where fluorine radicals are produced in the plasma, since PTFE is resistant to etching by fluorine 
radicals. Of course, both dean gas manifold 270 and liner 291 may be made of other materials (such as those men- 
tioned above for liner 291) which are resistant to the particular chemistry depending on the reactive gases used. 

In some embodiments, gate valve 280 isolates the clean processes from the deposition processes, as discussed 

35 above. Gate valve 280 normally remains ck>sed while chamber 1 5 is being used for deposition, ref low. or drive-in steps. 
In the closed position, gate valve 280 prevents particles in conduit 47 used for dean processes from contaminating the 
wafer during deposition processes, as well as reducing the "dead" volume of conduit 47 arxJ passage during deposition. 
If deposition at pressures of between alxxrt 200-760 Ton- (2,6 x 10'^ to 1 x 10^ Pa) occurs with gate valve 280 open, 
deposition may be caused in applicator tube 292, leading to contamination of the cleaning processes. Gate valve 280 

40 Is preferably made of PTFE (or similar materials such as those discussed above for liner 291 and manifold 270) to min- 
imize damage to or deposition onto the closed valve 280 due to the reactive chemistries from conduit 47. In a preferred 
embodiment, gate valve 280 is a particle-grade gate valve. In erTt>odiments using gate valve 280. only when chamber 
15 is used for a wafer cleaning step or when a chamber cleaning is performed does gate valve 280 open, allowing 
plasma radicals to flow into fluid passage 293 of gas mixing box 273, as seen in Fig. 3. As mentioned above, in some 

45 embodiments gate valve 280 is not used at all. The plasma radicals then may flow through annular passage 295 and 
into chamber 15 via gas distribution plate 20. Distribution plate 20 as well as various parts of chamber 15 are thus 
cleaned Residues and used cleaning gases are then exhausted from chamber 15 with the exhaust system discussed 
above. The cleaning process of chamber 1 5 artd the deaning of wafer surfaces are discussed in detail below. 

50 F. Endpoint Detection System 

Figs 17A-17D illustrate a cleaning endpoint detection system 800 for microwave plasma system 55 according to 
another aspect of the present invention. As discussed above, apparatus 10 preferably employs a thermal cleaning tech- 
nique using remote microwave technology instead of a conventional insilu p'asma process, to lower metal contamina- 
55 tion. In the present invention, the gentle cleaning technique using remote microwave plasma system 55 utilizes only 
chemical reactions, in contrast to using in sity plasma processes where physical sputtering effects may react with the 
aluminum in the chamber walls and lead to aluminum metal contamination in the processed wafer. 

In the cleaning process using remote plasma system 55. the plasma is produced renx5tely from chamber 15 such 
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that the etchant gas. preferably mostly of flixjrine radicals, is directed into the chamber where the gentle thermal dean 
occurs, but the plasma remains exterior to the chamber (i.e.. within applicator tube 292, see Fig. 16). While this process 
has a nurrber of advantages for cleaning a wafer in chamber 15 and/or components of chamber 1 5 (discussed above), 
the lack of plasma in the chamber can make it difficult, using conventional endpoint detection systems, to pinpoint the 
5 time at which the cleaning has been completed, i.e. , when the last process gas residue in the chamber has reacted with 
the cleaning etchant so that it can be discharged from the chamber. Convent onal endpoint detection systems typically 
rely on the use of a plasma within the chamber and check emissions from the in grty plasma to determine the end of a 
cleaning process- 

The endpoint detection system of the present invention, however, may be used with either an in siJu plasma or a 
10 remote plasma, such as provided by microwave plasma system 55. For example, in one exemplary process, fluorine- 
based gas IS used to react with Si02 powder residue in the chamber to form a SiF4 gas, which is drawn out of chamber 
15 with the vacuum punp. When substantially all of the S1O2 in the chamber has been consumed, the fluorine-based 
gas cannot react with the Si02 to form SiF4. Instead, the fluorine-based gas may begin to contaminate the chamber 1 5 
or to react with, for example, the aluminum walls of the chamber to form an aluminum fluoride compound. Conse- 
75 quently. it is important to determine the approximate endpoint or the point at which the last Si02 residue has reacted 
with the fluorine gas so that gate valve 280 can be ctosed to prevent further fluorine radicals from entering chamber 15. 
As discussed further below, endpoint detection system 800 of the present inventkjn determines the endpoint of a clean- 
ing process by detecting changes in light intensity that occur due to absorbance of light by the exhausted clean gas 
reactants such as SiF4. 

20 As shown in Fig. 17A, cleaning erxipoint detection system 800 includes a gas detector 802 positioned along dis- 

charge conduit 60 between isolation valve 371 and throttle valve 373. Of course, gas detector 802 may be positioned 
in other locations within the exhaust system of apparatus 10. For example, detector 802 may be positioned downstream 
of throttle valve 373, as shown in Fig. 1 7B. In another embodiment, detector 802 is positioned along a bypass line 804 
that receives a sample stream of gas from conduit 60. as shown in Fig. 1 7C. In this embodiment, bypass line 804 may 

25 include a control valve 806 to vary the amount of flow passing through tine 804, or to completely cease gas f tow along 
bypass line 804, for example, during gas processing of a wafer witNn the chamber. 

Referring to Fig. 1 70. a preferred embodiment of gas detector 802 will now be described. As shown, detector 802 
includes a housing 804 defining a through-hole 806 in communication with conduit 60 for allowing the gases and other 
residue from chamber 1 5 to pass therethrough. A pair of flanges 808, 810 preferably attach housing 804 to conduit 60. 

30 The side walls of housing 804 include a pair of infrared (IR) windows 812, 813 that are configured to allow far-IR light 
to pass through. Far-IR light has wavelength starting at about 10 mm. IR wirtdows 812, 813 are spaced by a length L 
and preferably corrprise a material substantially transparent to far-IR tight such that zero or substantially little of the light 
is absort>ed by windows 812, 813. In addition, the I R window 812, 813 material should be process -compatible, inert with 
respect to the process and clean gas chemistry and the material should not contaminate the film. In embodiments 

35 where fluorine radicals are used for the cleaning process, windows 812 and 813 are resistant to fluorine Preferred 
materials for I R windows 81 2, 81 3 include germanium, calcium fluoride, or the like. 

As schematically shown in Fig. 1 7D, detector 802 further includes a far-IR lamp 814 suitably coupled to housing 
804 for generating far-IR light and transmitting this light through windows 812, 813 so that the light passes through-hole 
806. An IR detector 816 is coupled to housing 804 in position to receive and detect the far-IR light passing through win- 

40 dow 813 Preferably. far-IR lamp 814 may be a tungsten lamp source with an optical notch fitter. 

When the present invention is in use. the clean gas reactants (e.g., SiF4) are directed along conduit 60 and 
through-hole 806 of detector 802. Far-IR lamp 814 transmits far-IR tight through window 812. through- hole 806 and win- 
dow 813, where it is received by detector 816. As the light passes through the clean gas StF4 reactants. these reactants 
(i.e., the silicon) absorb a portion of the far-IR light, which reduces the light intensity received by detector 816 The flu- 

45 orine does not absorb the far-IR tight. Therefore, when the far-IR light intensity detected increases up to a reference 
value, detector 816 sends a signal to a confroller (not shown) indicating that the concenti-ation of SiF4 passing through 
conduit 60 has substantially diminished or completely stopped, which indicates that the cleaning endpoint has arrived. 
At this point, the controller sends an appropriate signal to processor 50 to dose gate valve 280 and to prevent further 
etchant gas from entering chamber In the above exemplary clean process, endpoint detection system 880 utilizes 

so source 81 4 to provide, and detector 81 6 to detect, far-IR wavelengths that can be absorbed by clean gas reactants SiF4. 
which absorb light with a wavelength of about 10 mm, and fluorine, which absorbs light with a wavelength of about 5-6 
mm. In other embodiments, source 814 and detector 816 can provide tight at different wavelengths, depending on the 
light absortance characteristics of the specific dean gas reactants utilized in the clean gas process 

By way of example, to is the intensity of the far-IR tight when no SiF4 is flowing through conduit 60 and the detector 

55 816 receives the full intensity from lamp 814. As SiF4 ftows through through-hole 806 during deaning. the far-IR light is 
absorbed and the intensity received by detector 816 (I) is reduced, given by the expression: 

l/l^ = exp (-X*L*C) 
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where X is the extinction coefficient of I R windows 812, 813 or a filter (not shown). Lis the length between windows 81 2, 
813 (see Fig. 1 7D) and C is the concentration of SiF4 passing through detector 802. As I/Iq approaches the value 1 . the 
SiF4 concentration is diminishing, which means that the cleaning endpoint is approaching. The controller continuously 
monitors t/l^ until this value approaches 1 , which indicates that the cleaning endpoint has arrived. 

5 While the description above is in terms of a CVD chamber for a multichamber processing system, it would be pos- 

sible to implement certain features of the present invention with other plasma etching chambers, physical deposition 
chambers or the like Therefore, the above description and illustrations should not be taken as limiting the scope of the 
present invention as defined by the appended claims. It should be noted that the invention is not limited to a single wafer 
chamber as described above and shown in the ertclosed drawings. For example, the throttle valve of the present inven- 

w tion could be installed into a batch chamber that simuttaneously processes a plurality of wafers. In addition, the inven- 
tion would be suitable lor use in a multiple wafer chamber that sequentially performs irxjividual processing steps on 
each of the wafers. 

II. High Temperature Multiple-Step Processes Using the CVD Reactor System 

A. Exemplary Structures and Applications 

Fig. 18 Illustrates a simplified cross-sectional view of an integrated circuit 900 according to the present invention. 
As shown, integrated circuit 900 includes NMOS and PMOS transistors 903 artd 906, which are separated and electri- 

20 caily isolated from each other by a field oxide region 920 formed by local oxidation of silicon (LOCOS), or other tech- 
nique. Alternatively, transistors 903 and 906 may be separated and electrically isolated from each other by a shallow 
trench isolation (not shown) when transistors 903 and 906 are both NMOS or both PMOS. Each transistor 903 and 906 
comprises a source region 912, a drain region 915 and a gate region 918. 

A premetal dielectric (PMD) layer 921 separates transistors 903 arid 906 from metal layer 940 with connections 

25 between metal layer 940 and the transistors made by contacts 924. Metal layer 940 is one of four metal layers 940. 942, 
944, and 946, included in integrated circuit 900. Each metal layer 940. 942. 944, and 946 is separated from adjacent 
metal layers by respective inter-metal dielectric layers 927. 928. and 929. Adjacent metal layers are connected at 
selected openings by vias 926. Deposited over metal layer 946 are planarized passivation layers 930. CVD apparatus 
1 0 may be used to deposit f linns used, for example, as PMD layer 921 . IMD layers 927. 928 and 929. or passivation layer 

30 930. CVD apparatus 10 also may be used to deposit oxide filling layers for shallow trench isolation structures used in 
place of LOCOS field oxide region 920. 

Another example of a use of CVD apparatus 1 0 described above is forming ultra-shallow source and drain regions 
912 and 915 shown In exemplary integrated circuit 900 of Fig. 18. Application of the present method for forming ultra- 
shallow doped junctions in forming the source/drain regions for a MOS transistor is discussed, as an example, with Figs. 

35 19A-19E. 

Fig. 19A is a simplified cross-sectional view of a partially completed MOS transistor. Merely as an example, the 
MOS transistor 1000 is a PMOS transistor. Of course. NMOS transistors also may be formed. For PMOS transistor 
1000, a doped dielectric layer 1008 used may be a BSG film as the P type dopant source. As seen in Fig. 19 A, a gate 
electrode 1 002 overlying gate oxide 1 003 has already been formed on material 1 004. In the present example, material 

40 1004 may be an N type substrate or an N well formed in a substrate. Field oxide regions 1006 also have been formed 
by a method such as local oxidation of silicon (LOCOS). The regions where ultra-shallow doped junctions are desired 
may be defined using a mask. In the present example, the regions are source/drain regions 1010 and 1012. but of 
course the regions may be defined to form lightly doped drain (LDD) regions Using the CVD reactor system described 
above with process recipes discussed in detail below, a doped dielectric layer 1008 is formed over source/drain regions 

45 1010 and 1012 on a wafer resting on resistively- heated heater 25. 

Prior to forming doped dielectric layer 1008 over source/drain regions 1010 and 1012, the surface of source/drain 
regions 1010 and 1012 may be cleaned of any gate oxkie or native oxide that may exist either by using a plasma formed 
by reactive gases such as NF3 from renrK3te microwave plasma system 55 described above or by using a thermal NF3 
vapor. During the cleaning procedure, gate valve 280 would be opened to allow fluorine radicals from the NF3 plasma 

so to enter chamber 15 to clean the oxides that may exist on the surface of source/drain regions 1010 and 1012. Cleaning 
these oxides allows a more consistent drive-in of dopants from doped dielectric layer 1008 that Is formed over 
source/drain regions 1010 and 1012. The fluorine radicals from the remote plasma nnay be used to clean native oxides 
from the wafer In chamber 15 In the cleaning procedure, heater 25 may be adjusted to a position where the fluorine 
radicals are optimally able to clean the oxides without damaging the device on the wafer. Preferably, this native oxide 

55 removal/cleaning step and the deposition of doped dielectric layer 1008 are performed in the same chamber in an in 
situ manner. Use of the atxwe described CVD apparatus 10 avoids moisture absorption by the wafer, since the vacuum 
of chamber 15 Is not broken and the wafer is not exposed to the environment. Alternatively undesired oxides may be 
cleaned from the wafer by thermally breaking down NF3 vapor in situ With this alternative, fluorine radicals are pro- 
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duced in situin chamber t5 by introducing NF3 between about 200-1500 standard cubic centimeters per minute (seem), 
preferably about 500 seem, and optionally O2 at about 0-1000 seem into chamber 15. At the same time, chamber 1 5 is 
heated to between about 500-650°C, preferably 600*^0. and maintained at a pressure of between about 60-760 Torr (8 
X 10^ to 1 X 10^ Pa) preferably 400 Torr {5.3 x lO'* Pa), while heater 25 is spaced between about 150-900 mil (3.8 to 

5 22.68 mm), preferably about 600 mil (15.12 mm), from plate 20. Thus, the surfaces source/drain regions 1010 and 
1012 can be cleaned of any native oxide ban^ier. 

After the cleaning step, gate valve 280 in some embodiments would be dosed to shut out any reactive gases used 
in the doped dielectric layer deposition process from entering and depositing onto surlaces in corvjuit 47. Heater 25 
also would be moved into the appropriate processing position and heated to the specified temperature in the vacuum 

10 of chamber 15. according to the desired process recipe. Doped dielectric layer 1008 is then formed at high tempera- 
tures (about 500-600*'C) in the CVD apparatus 10, as described below. Without an native oxide ban-ier. dopants from 
the doped dielectnc layer 1 008 formed on the wafer may more easily and uniformly be driven into the sut>strate to form 
uttra-shallow source/drain regions 1010 and 1012. 

After deposition of doped dielectric layer 1008. the wafer remains in chamber 15. The resistively-heated heater 25 

15 and wafer thereon are then heated to a higher temperature (about 800°C) for a specified time. The heating step drives 
dopants from doped dielectric layer into N type material 1004. Doped dielectric layer 1008 is used as a P type dopant 
diffusion source for the resulting ultra-shallow junctions 1020. as shown in Fig. 19B. Of course, gate valve 280 remains 
closed during this drive-in step. As an alternative to being heated in sifii the wafer may be transferred to an annealing 
furnace or a rapid thermal process reactor (preferably within the multichamber system) to drive-in dopants from doped 

20 dielectric layer 1008. which acts as a doparrt diffusion source. Diffusion Is performed by annealing or a rapid thermal 
process. Preferably, the diffusion is performed using a rapid thermal process (due to better throughput) at a temperature 
between about 950-1 lOO'^C for between about 1 -3 minutes, and preferably about 1000**C for at30ut 1 minute, in these 
other embodiments. 

After diffusion, doped dielectric layer 1008 is removed by dry or wet etching techniques or other removal technique 
25 from N type material 1 004. CVD apparatus 1 0 may also t>e used to remove doped dielectric layer 1008 by using remote 
microwave plasma system 55 with the appropriate etcNng chemistry. For this dielectric removal step, gate valve 280 
would be opened to allow the remote plasma to etch the layer 1008 until renrwal is completed, whereupon gate valve 
280 is closed. The removal step may be performed io situ without transfening the wafer from heater 25 in chamber 1 5. 
Alternatively the removal step may be performed in another chamber, dedicated to dielectric removal, within the same 
30 multichamber system as CVD apparatus 10, which also avoids exposure of the wafer to the environment outside the 
vacuum of the muttichamtser system. Fig. 19C illustrates the partially completed PMOS transistor 1000 after removal of 
doped dielectric layer 1008. PfwlOS transistor 1000 includes gate electrode 1002 and adjacent source/drain regions 
1020 which are ultra-shallow P type doped junctions. Thereafter, remaining process steps for the completion of the 
device may be performed on the wafer. 
35 After every wafer (or several wafers) have been processed in chamber 15 of CVD apparatus 10, a charTt)er dean 
may be performed. After processing of the wafer is completed within chamber 15, the wafer is transferred through slot 
243 which is then vacuum locked. Gate valve 280 may then be opened to allow the chamber clean process to be per- 
formed using remove microwave plasma system 55 until the chamber is cleaned to specifications, as indicated by the 
endpotnt detector system. 

40 In an alternative embodiment, steps shown in Figs. 1 90-1 9E are performed after steps described for Fig. 1 9A. After 
doped dielectric layer 1008 is formed over source/drain regions 101 0 and 1012 and gate electrode 1002 as seen in Fig. 
19A. a capping layer 1030 such as USG is formed overlying doped dielectric layer 1008. preferably in an in gity process 
within chamber 15. During the deposition of layer 1008, gate valve 280 would remain closed. Then the substrate may 
be heated for diffusion of dopants from doped dielectric layer 1008 into semiconductor material 1004 as discussed 

45 atove for Fig. 19B. 

Alternatively, the wafer may be removed from chamber 15 for transfer to an annealing furnace or rapid thermal process 
reactor for diffusion of dopants from doped dielectric layer 1008 as discussed above tor Fig. 19B. Preferably, the sub- 
strate undergoes a rapid thermal process in the same multichamber system to which chamber 15 (where doped dielec- 
tric layer 1 008 and capping layer 1 030 were deposited) is a part. As seen in Fig. 1 9E. dopants from the doped dielectric 

50 layer 1 008 with overlying cap layer 1 030 have diffused into semiconductor material 1 004 to form ultra-shallow source 
and drain junctions 1020 The cap layer 1 030 and doped dielectric layer 1008 are then etched away as discussed above 
to provide partially completed PMOS transistor 1000. as shown in Fig. 19C, ready for remaining processing steps For 
atxjut a 0.25 mm device geometry, diffusion of tioron atoms form a BSG film thickness between about 100-200 A 
capped with a USG film of between atwut 100-200 A and results in a junction depth ranging from between about 0.05 

55 mm to atKXJt 0 1 mm, according to prefen-ed enrtodiments for PMOS transistors. 

Of course, an NMOS transistor 1000 includes gate electrode 1002 and source/drain regions 1010 and 1012 where 
N type, ultra-shallow junctions may t>e formed in the P type semiconductor material 1004 using a doped dielectric film 
1008 such as a PSGfilm or an arsenic-doped silicate glass film as the dopant source, according to other embodiments 
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of the present invention P type material 1 004 may be a P type substrate or a P well formed in a substrate. For at>out a 
0 25 mm device geometry, a PSG film thickness between about 100-200 A and a USG film between about 100-200 A 
results in a depth of phosphorus driven into the semicorxluctor material that ranges from between about 0.05 mm to 
about 0.1 mm. according to preferred embodiments. Of course, it is recognized that other doped silicate glass films may 

5 be used to provide the N type or P type ultra-shallow jurtctions depertding on the application. 

Another example of a use of the present invention is forming an uttra-shallow doped region as a channel-stop in a 
shallow trench isolation structure between devices. Application of the present method for forming an ultra-shallow chan- 
nel-stop region is discussed with reference to Figs. 20A-20G. 

Fig. 20A is a simplified cross -sectional view of a partially completed shallow trench isolation structure formed in 

w semiconductor material 1 100. As seen in Fig. 20A. a trench 1 102 is formed in semiconductor material 1 100 using ani- 
sotropic etching techniques including reactive ion etching, plasma etching, or other techniques. In the present example, 
the semiconductor material 1 100 may be a P type substrate or a P well formed in a substrate. A mask 1 104 may be 
used to define the channel stop region in the shallow trench isolation. Using process recipes discussed in detail below, 
a doped dielectric layer 1106 is formed ever trench 1102 using mask 1104. Doped dielectric layer 1106 provides a 

15 source of dopant atonns to diffuse and form a channel -stop doping region used to prevent a conducting path from form- 
ing between devices in semicorxluctor material 1 100. For P type material 1 100. doped dielectric layer 1 106 may be a 
BSG film as the P type dopant source. 

Prior to forming doped dielectric layer 1 106 over trench 1 102, the surface of trench 1 102 may be cleaned of any 
gate oxide or native oxide that may exist by using remote microwave plasma system 55 to provide a fluorine radicals in 

20 a remote plasma formed usirtg reactive gases such as NF3, as discussed below. During the cleaning step, gate valve 
280 is open to allow fluorine radicals to flow from conduit 47 through outer annular passage 297 and into chamber 1 5 
via distribution plate 20. Heater 25 with the wafer thereon is lowered into a position for the cleaning so that the fluorine 
radicals can clear the wafer of the unwanted oxides that may exist on the surface of trertch 1 1 02 without damaging the 
substrate. Cleaning these oxides allows a rrore consistent drive-in of dopants from doped dielectric layer 1 106 that is 

25 formed over trench 1 1 02. The cleaning step and the deposition of doped dielectric layer 1 1 06 are performed in chamber 
15 in an in aity process. In alternative embodiments, the cleaning step may be done by thermally breaking down NF3 in 
situ . as discussed above. The fluorine radicals from the NF3 plasma or vapor then clear the oxides that may exist on 
the surface of trench 1102. In further alternative embodiments, a separate chamber of the multichamber system 
described above may be used for this cleaning step. Since nnoisture absorption by the wafer is avoided by not breaking 

30 the vacuum of chamber 15 (or alternativety of the multichamber system), the surface of trench 1102 is free of native 
oxide barriers. After the cleaning step is performed, gate valve 280 is closed. Without the native oxide barrier, dopants 
from doped dielectric layer 1 106 may more easily and uniformly be driven into the substrate to form ultra-shallow junc- 
tions used as a channel -stop region to provide shalfow trench isolation. Heater 25 with the wafer thereon is moved into 
the processing position and heated to high temperatures (about 500-700*'C) for deposition of layer 1 106. 

35 After deposition of doped dielectric layer 1 106, the wafer remains in chamber 1 5 for the drive-in step. Gate valve 

280 remains closed, and heater 25 is heated to a higher temperature (about BOO'^C). The heating occurs tor a specified 
time that depends on the desired junction depth needed for the diffusion. Atternatively. the wafer may then be trans- 
ferred to an annealing furnace or a rapid thermal process reactor (preferat>ly within the multichamber system) to drive 
dopants from doped dielectric layer into P type material 1 100. Doped dielectric layer 1 106 is used as a P type dopant 

40 diffusion source for the resulting ultra-shallow channel-stop region 1 108, as shown in Fig. 20B. Ultra-shallow channel- 
stop region 1 108 is a P+ type region formed in P type material 1 100. 

After diffusion, doped dielectric layer 1 106 is removed by wet etching techniques or other removal technique from 
P type material 1 100. Preferatjiy, the wafer remains in channber 15 so that gate valve 280 may be opened arxJ radicals 
from remote microwave plasma system 55 may etch away layer 1 1 06. Of course, reactive gases input to plasma system 

45 55 depend on the type of doped dielectric layer 1 106. Fig. 20C illustrates the partially completed shallow trench isola- 
tion structure after removal of doped dielectric layer 1 106. As seen in Fig. 20D, trench 1 102 is then filled with an oxide 
1 1 1 0 to form the shallow trench isolation structure. In a preferred embodiment, a high quality USG film deposited at high 
temperature may be used as oxide 1 1 10 to fill high aspect ratio trenches. Oxide 1 1 10 also may be formed using other 
deposition techniques. 

50 After completing shallow trench isolation structure having ultra-shallow channel-stop region 1108. devices 1112 

and 1 1 14 separated by shallow trench isolation structure may be formed, as seen in Fig. 20E. Devices 1112 and 1114 
each include a gate electrode 1116 and adjacent source/drain regions 1118 ar»d 1120. Thereafter, remaining process 
steps for the completion of the device may be performed by transferring the wafer to another chamber, preferaWy in mul- 
ticheimber system. After the wafer is transferred from chamber 15, a chamber dean may be performed using renxite 

55 microwave plasma system 55 with resistively -heated heater 25 adjusted to a cleaning position and gate valve 280 being 
open, as already described above in connecton with Figs. 19A-E. 

In an alternative embodiment, steps shown in Figs. 20F-20G are performed after steps shown in Fig. 20A. After 
doped dielectric layer 1 1 06 is formed over trench 1 1 02 arxl mask 1 1 04 as seen in Fig. 20A. a capping layer 1110 such 
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as USG is formed overlying doped dielectric layer 1 1 06 in chamber 1 5 in an in §1^ process. During the deposition of 
capping layer 1110. gate vatve 280 is closed. Then the substrate is heated in Situ in chamber 15 for dopant drive-in for 
diffusion of dopants from capped, doped dielectric layer 1 106 into semiconductor material 1 100 as discussed above for 
Fig. 20B. Alter natively, the wafer may be removed from chamber 15 tor transfer to an annealing furnace or rapid thermal 

5 process reactor (preferably within the multichamber system) for diffusion of dopants from capped, doped dielectric layer 
1 106 into semiconductor material 1 100 as discussed above for Fig. 20B. As seen in Fig. 20G. dopants from the doped 
dielectnc layer 1 1 06 with overlying cap layer 1110 have diffused into semiconductor material nOO to form ultra-shallow 
channel-stop region 1108. Cap layer 1110 minimizes the outgassing of dopants upward from doped dielectnc layer 
1 106. thereby resulting in more dopants diffusing down into the substrate material 1 100. After the diffusion step is per- 

^o formed, gate valve 280 is opened and both the cap layer 1 1 10 and doped dielectric layer 1 106 may then etched away 
using remote microwave plasma system 55 with appropriate etchant chemistry to provide partially completed shallow 
trench isolabon as shown in Rg. 20C. ready tor the remaining processing steps of Figs. 20D-20E. When the wafer ts 
transferred out of chamber 15. gate valve 280 is in the closed position. A chamber clean of chamber 15 can then be 
performed by operating the plasma system 55 with gate valve 280 opened. 

r 5 For shallow trench isolation between NMOS transistors in a P type substrate, the doped dielectric film 11 06 may be 
a BSG film. For shallow trench isolation between Pf^flOS transistors in an N type substrate (or in N wells of CMOS cir- 
cuits), the doped dielectric film 1106 may be a PSG film or an arsenic-doped silicate glass film. For smaller device 
geometries such as less than 0.35 mm having a trench 1102 with a depth of atxxrt 0.5 mm. channel stop regton 1 108 
of about 0.1 mm junction depth may be formed using a BSG fim 1 106 about 200 A thick and a USG capping about 200 

20 A thid<, accordng to preferred embodiments of the present invention. 

It should be understood that sinplif ied integrated circurt 900 is for illustrative purposes only. One of ordinary skill in 
the art could inplemenl the present method tor fabrication of other integrated circurts such as microprocessors, appli- 
cation specific integrated circuits (ASICS), memory devices, and the like. Further, the present invention ^r^ay be applied 
to PMOS. NMOS. CMOS, bipolar, or BiCMOS devices. Although ultra-shallow source/drain junctions and ultra-shallow 

25 trench isolation applications are discussed above, the present invention also may be used in other applications where 
an ultra-shallow doped region is desired. The present inventon also rnay be used for forming undoped oxides as well 
as doped oxides for use as various layers in integrated circuit devices, including PMD. IfWiD. passivation, and 
damascene layers. 

Exenplary wafer cleaning, deposition, and chamber cleaning processes for in siJu or individual operation within 
30 chamber 15 are further described below, in accordance to various emtiodiments of the present invention. 

B Cleaning Native Oxides Prior to Deposition 

In accordance with a specific embodiment of the present invention, native oxides that may exist on the silicon sub- 

35 strate or region where an ultra-shallow doped junction is desired may be cleaned prior to deposition of the doped die- 
lectric layer that may be used, for exanple. as a dopant diffusion source or as a PMD layer. In these embodiments, the 
native oxides can be cleaned by using fluorine radicals from a plasma formed with reactive clean gases like NF3 by 
remote microwave plasma system 55. Use of in sitU processes in one chamber or alternately in chambers of the same 
multichamber system permit enhanced quality in the ultra-shallow junctions formed in accordance with these specifc 

40 embodiments, as well as providing for dielearic layers having low moisture content and low shrinkage. 

in a specific embodiment, chamber 15 is maintained at the deposition temperature, a temperature ranging between 
about 300-650^C and preferably at about 550-60C**C. for the entire cleaning process. Chamber 15 is maintained at a 
pressure ranging between about 1-2 Torr (133.3 to 266.6 Pa), preferably at about 1 .5 Torr (200 Pa), while maintaining 
the temperature Heater 25 is moved to a position about 600 mil (15,12 mm) from gas distribution plate 20. while gate 

45 valve 280 is opened and the dean gas NF3 is introduced into applicator tube 292 at a rate of about 600 seem. The dean 
gas is introduced into applicator tube 292 and the pressure is permitted to stabilize for about 3 seconds before micro- 
wave energy is applied to the NF3 in applicator tube 292. Microwave power of between about 500-2500 Watts, prefer- 
ably between about 1000-1500 Watts, from magnetron 711 operating in CW mode is then applied tor atjout 5-10 
seconds The microwaves are transmitted from magnetron 71 1 through the waveguide and optimizing system to enter 

so applicator tube 292 through the window, as discussed above. UV lamp 731 ignites the reactive gases m applicator tube 
292 to form a plasma, with ionization sustained by the microwave energy entering applicator tube 292 at the window 
The radicals from the upstream plasma formed in applicator tube 292 are output to flow into inlet 290 The radicals flow 
through the lined passage in enclosure assenrtsiy 200 to conduit 47 of dean manifold 270 through the opened gate 
valve 280 and into outer annular passage 297 to enter chamber 15 and dean native oxides off the wafer. Used dean 

55 gas reactants and oxide residues are then exhausted out of chamber 15 via the opened throttle valve The present 
description is tor chamber 15 which has a total volume of about 6 liters. It is recognized that flow values may differ 
depending on the size and type of chamber used in other embodiments. 

In a specific entxxliment. with chamber 15 maintained at pressures lower than about 1 -2 Ton (133,3 to 266.6 Pa). 
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rapid removal of fluorine spedes occurred, resulting in poor cleaning results. At chamber pressures higher than about 
1 -2 Torr (133.3 to 266.6 Pa), recombination may occur due to collision losses, as well as causing overheating and dam- 
age to applicator tube 292. Chamber 15 should be maintained at pressure levels where fluorine species are not rapidly 
removed, recombination does not occur, and applicator tube 292 does not break. In some embodiments, the chamber 

s pressure may be limited by the physical dimensions and material of applicator tube 292, when microwave power is 
being applied. In a specific emtxxJiment, the pressure in applicator tube 292. when mlaowave power is applied, may 
be about 3 times as much as the optimal chamber pressure. When different applicator tubes are used with different flow 
rates, the optimal chamber pressure will vary Of course, any pressure may be used when applicator tube 292 is used 
without microwaves being applied. 

w Since the plasma is formed upstream of the wafer, only the reactive fluorine radicals in the plasma are able to reach 
the wafer to clean the native oxides from the wafer. As mentioned above, the cleaning step preferably is done for about 
5-10 secorxls for a typical native oxide of thickness of about 90 A. The above cleaning step etches native oxides at a 
rate of about 2 pm/minute Of course, the total time of the cleaning step depends on the thickness of the particular oxide 
to be cleared off the wafer. With remote microwave plasma system 55 of present invention, native oxides or other oxides 

/5 may be etched and plasma damage to the wafer is avoided. 

Although the above wafer cleaning process conditions are exemplary for the present embodiment, other corKlitions 
may also be used. The above description discusses NF3, merely as an example, in a Giga Fill6 Centura system avail- 
able from Applied Materials fitted for 200 -mm wafers, as do the various deposition descriptions below. However, other 
fluorine-containing or chlorine-containing gases, such as NF3 and N2. NF3 and argon, NF3 and O2, a dilute Fg, CF4, 

20 C2F6. C3F8, SFg or CI2. etc.. may be used as well. 

C. Exemplary Silicate Glass Depositions 

According to the process of the present invention, dielectric layers used as the dopant source. PMD layer. IMD 

25 layer, oxide filling layer, capping layer, or other layers may be formed using any of several different processes. The proc- 
ess recipes of a BSG fUm, a PSG films, a BPSG film, and a USG film are set forth below as exarrples of doped and 
urKloped dielectric layers used in the present invention. Of course, during the below described deposition of various die- 
lectric films, gate valve 280 remains closed (unless remote plasma system 55 is being used for deposition, in accord- 
ance with an alternative embodiment). The exemplary processes may be performed in CVD apparatus 10, which is a 

30 closed, single-wafer, SACVD system in preferred embodiments. 

CVD apparatus 1 0 also may be adapted with different and/or additional input gas supply sources to deposit BPSG, 
arsenic doped silicate glass (AsSG). or other dielectric layers as well. Of course, those of ordinary skill in the art will 
understand that other process recipes and otiier reaction systems like plasma enhanced CVD (PECVD) may also be 
used to deposit the dielectric films. Exanrples of boron sources include TEB, trimethylborate (TMB), diborane (B2H6), 

35 and other similar compounds. Examples of phosphorus sources include ti-iethylphosphate (TEPO). ti-iethylphosphite 
(TEPj). trimethylphosphate (TMOP). trimethylphosphite (TfwlPi). and other similar compounds. In addition to BSG or 
PSG films, arsenic doped oxides or arsenic silicate glass (AsSG) also may be deposited using, for example, a liquid 
source with an arsenic compound or an arsenic gas diluted in argon, as examples. Examples of silicon sources include 
silane (SiH4). TEOS, or a similar silicon source, arxj oxygen sources include Og. O3, microwave-generated atomic oxy- 

40 gen (O), or Mhe like. In the descriptions below, ftow rates for liquid sources are provided in milligrams per minute (mgm) 
while gas flow rates are provided in standard cubic centimeters per minute (socm). In these descriptions, liquid sources 
are vaporized using a Precision Liquid Injection System, and liquid flow rates in mgm may be converted to gas flow 
rates in seem by multiplying liquid flow rates by a factor of about 1 .923 so that flow ratios may be calculated accordingly. 
Preferably, stable doped dielectric films may be formed using the TEOS/O3 chemistry in a SACVD process to form dam- 

45 age-free, uniformly doped ultra-shallow junctions in some embodiments. In other embodiments, a low moisture doped 
dielectric film may be formed using TEOS/O3 chemisti-y with a SACVD process conducted in CVD apparatijs 10 to pro- 
vide a planarized insulating layer with high aspect ratio gap-fill, low shrinkage, low metal contamination, arxJ low fluorine 
incorporation. 

50 1. Exemplary BSG Film Deposition 

As merely an example, ttie BSG film deposition recipe described below is capable of forming a BSG film that may 
be useful as a doped dielectric layer used as a dopant diffusion source. Of course, the recipe may be varied deperxding 
on the particular use for and desired qualities of the BSG layer. A PSG layer formed as a doped dielecti-ic layer used as 
55 a dopant diffusion source could similarly be formed using the recipe below and appropriately substituting the dopant 
source gas employed. 

The exemplary BSG bulk film is deposited by heating the wafer and heater 25 to a temperatijre of between about 
200-650° C. preferably to a temperature within the range of about 400 -650° C and most preferably to about 500°C, and 
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maintaining this tenperatore range throughout the deposition. With gate valve 280 closed. chamt)er 15 is maintained 
at a pressure within a range of about 1 0-760 Torr (1 .33 x 1 0^ to 1 x 1 0^ Pa). Preferably, the pressure is maintained within 
the range of about 400-600 Torr (5,33 x 10"^ to 8 x lO'* Pa), and most preferably it Is maintained at about 600 Torr (8 x 
1 0'* Pa) Heater 25 is positioned about 1 50-300 mil (3.8 to 7,56 mm) from gas distribution plate 2^ and is preferably posi- 

5 tioned about 250 mil (6.3 mm) from plate 20. 

A process gas including TEB as the source of txjron. TEOS as the source of silicon, and O3 as a gaseous source 
of oxygen is formed. Being liquids, the TEB and TEOS sources are vaporized arxJ then combined with an inert carrier 
gas such as helium. The liquids are vaporized either by liquid injection system in gas mixing system 93. which provides 
greater control of the volume of reactant liquid introduced. The flow rate of TEB is between about 50-550 mgm depend- 

w ing on the desired dopant concentrations, while the TEOS flow rate is between about 300-1000 mgm and preferably 
about 500 mgm. The vaporized TEOS and TEB gases then are mixed with a helium can-ier gas flowing at a rate of 
between 3000-6000 seem, preferably at a rate of at>out 4000 seem. Oxygen in the form of O3 is introduced at a flow rate 
of between about 3000-6000 seem and is preferably introduced at a flow rate of about 5000 seem. The ozone mixture 
contains between about 5-16 weight percentage (wt %) oxygen. The gas mtxtire is introduced into channber 15 from 

75 the distribution plate 20 to supply reactive gases to the substrate surface where heat-induced chemical reactions take 
place to produce the desired film. 

The above conditions can result in a BSG film deposited at a rate of between 500-1000 A/minute. By controllirig the 
deposition time, BSG films having a thickness between about 50-500 A and preferably between about 100-300 A may 
be formed at the process conditions descrlt>ed above in about 1 0-60 seconds. The thickness of the BSG film deposited 

20 may thus be easily controlled. Preferably, the wt % of twron in the resulting BSG film ranges between about 2-8 wt % 
and preferably Is about 6 wt %. 

2. Exemolarv P SG Film Deoositlon 

25 As merely an example, the PSG film deposition recipe described below is capable of forming a PSG film that may 

be useful as a PMD layer. Of course, the recipe may be varied depending on the particular use for and desired qualities 
of the PSG layer. Other doped dielectric layers besides PSG films may be used as PMD layers by using similar recipes 
to the recipe below and appropriately substituting the dopant(s) source gas(es) employed. 

The exerrplary PSG bulk film is deposited by heating the wafer and heater 25 to a temperature of between about 

30 200-650*0. preferably to a tenperature within the range of about 400-650"*C and most preferably to about 600°C. and 
maintaining this temperature range throughout the deposition. With gate valve 280 closed, chamber 15 is ffTaintained 
at a pressure within a range of about 1 0-760 Torr (1 .33 x 1 0^ to 1 x 1 0^ Pa). Preferably, the pressure Is maintained within 
the range of about 400-600 Torr (5,33 x 10* to 8 x 10^ Pa), and most preferably it is maintained at about 450 Torr (6 x 
1 0* Pa) Heater 15 Is positioned about 250-350 mil (6.3 to 8.8 mm) from gas disti-ibution plate 20 and is preferably posi- 

35 tioned about 330 mil (8.3 mm) from plate 20. 

A process gas including TEPO as the source of phosphorus. TEOS as the source of silicon, and O3 as a gaseous 
source of oxygen Is formed. Being liquids, the TEPO and TEOS sources are vaporized by the liquid injection system 
and then combined with an inert earner gas such as helium. The flow rate of TEPO Is between about 10-100 mgm. pref- 
erably between about 5-30 mgm. most preferably about 24 mgm, depending on the desired dopant concentration, while 

40 the TEOS flow rate is between about 500-1500 mgm. preferably about 1000 mgm. The vaporized TEOS and TEPO 
gases then are mixed with a helium can-ler gas flowing at a rate of between 2000-6000 seem, preferably at a rate of 
about 4000 seem. Oxygen In the form of O3 (having between about 5-16 wt % oxygen) is Introduced at a flow rate of 
between about 2500-6000 seem and is preferably Introduced at a flow rate of about 4000 seem. The gas mixture is intro- 
duced Into chamber 15 from gas disti^lbution plate 20 to supply reactive gases to the substi-ate suriace where heat- 

45 induced chemical reactions take place to produce the desired film. 

The above conditions result In a PSG film deposited at a rate of about 1 780 A/minute. By controlling the deposition 
time, the thickness of the PSG film deposrted may thus be easily conti-otled. Preferably, the wt % of phosphorus in the 
resulting PSG film ranges between about 2-8 wt % and preferably is about 4 wt %. 

so 3. Exemolarv BPSG Film Deposition 

As merely an example, the BPSG film deposition recipe described below is capable of forming a BPSG film that 
may be useful as a PMD layer. Of course, the recipe may tse varied depending on the particular use for and desired 
qualities of the BPSG layer 

55 The exenplary BPSG bulk film is deposited by heating the wafer and heater 25 to a temperature of between about 
100-800'^C. preferably to a temperature within the range of about 400-650^0 and most preferably to about 480°C, and 
maintaining this tenperatijre range throughout the deposition. With gate valve 280 closed, chamber 15 Is maintained 
at a pressure within a range of about 1 0-760 Torr (1 ,33 x 1 0^ to 1 x 1 0^ Pa). Preferably, the pressure is maintained witinin 
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the range of about 150-600 Torr (2 x lO'* to 8 x 10^ Pa), and most preferably it is maintained at about 200 Torr (2,6 x 
lO'^ Pa). Heater 15 is positioned about 150-400 mil (3,8 to 10 mm) irom gas distribution plate 20 and is preferably posi- 
tioned about 300 mil (7,56 mm) from plate 20. 

A process gas including TEB as the source of boron. TEPO as the source of phosphorus. TEOS as the source of 
silicon, and O3 as a gaseous source of oxygen is formed. Being liquids, the TEB, TEPO and TEOS sources are vapor- 
ized by the liquid injection system and then combined with an inert carrier gas such as helium. Of course, it is recog- 
nized that other sources of boron, phosphorus, silicon, and oxygen also may be used. The flow rate of TEB is preferably 
between about 150-200 mgm. The flow rate of TEPO is between about 10-100 mgm. preferably between about 35-75 
mgm. most preferably about 24 mgm, depending on the desired dopant concentration, while the TEOS flow rate is 
between about 300-700 mgm. The vaporized TEOS. TEB, and TEPO gases then are mixed with a helium carrier gas 
flowing at a rate of between 2000-8000 seem, preferably at a rate of about 6000 seem. Oxygen in the form of O3 is intro- 
duced at a flow rate of between about 2000-5000 seem and is preferably introduced at a flow rate of about 4000 seem. 
The ozone mixture contains between about 5-16 wt % oxygen. The gas mixlure is introduced into chamber 15 from gas 
distribution plate 20 to supply reactive gases to the substrate surface where heat-induced chemical reactions take place 
to prodLx;e the desired film. 

The above conditions result in a BPSG film deposited at a rate of between 3500-5500 A/minute. By controlling the 
deposition time, the thickness of the BPSG film deposrted may thus be easily controlled. The resulting BPSG film has 
a boron concentration level of between 2-6 wt % and a phosphorus concentration level of between 2-9 wt %. 

The parameters in the above BSG, PSG, BPSG processes and in the below USG processes should not be consid- 
ered limiting to the claims. For example, the present inverrtion is also applicable to silicon oxide films doped with other 
dopants including, for example, arsenic. As arvsther example, the flow values discussed above apply for a chamber out- 
fitted for 200-mm wafers, but may differ depending on the type or size of the chamber used. One of ordinary skill in the 
art can also use other chemicals, c^iamber parameters, and conditions to produce similar films. 

It is believed that film stability may be a factor in the availability of dopant atoms in the doped dielectric filnrts for dif- 
fusion into the semiconductor material. Several methods to inrprove film stability and improve the ability to control 
dopant diffusion from these doped dielectric films into the semiconductor material were investigated. Each method 
described nnay be performed on a doped dielectric layer, after the layer is deposited using a recipe such as one of the 
exemplary deposition recipes described above. Furthermore, although! methods described below are with respect to 
treatment of a BSG (or PSG) film, the methods are equally applicable to any doped silicon oxide film. 

4. Exemplary USG Film Depositions 

a. Oxide FHIino Material Or Insulating Laver 

According to one embodiment of the present invention, an undoped silicate glass (USG) layer can be deposited in 
CVD apparatus 10 for use, for example, as an oxide filling material for filling a shallow trench used for shallow trench 
isolation. Of course, the USG film also may be used as an IMD layer, an insulating layer, or other layer. The exemplary 
USG recipe discussed t>etow provides a very dense and uniform flm which can survive annealing at temperatures of 
greater than 800°C with minimal shrinkage. The USG film, which provides excellent gap fill capability for high aspect 
ratio step coverage, can also endure several etch processes at very uniform etch rate without opening up any voids in 
the USG. The USG film, also can endure chemical mechanical polishing (CMP) planarization without opening up any 
voids or creases in the USG. 

The wafer and heater 25 are heated to a temperature within the range of abouX 200 - 650° C, but preferably between 
about 550-650''C. and then maintained at this temperature throughout the deposition. Heater 25 is positioned atx5ut 
250-400 mil (6,3 to 10 mm) away from gas distribution plate 20 and preferalsly at about 350 mil (8,8 mm). With gate 
valve 280 closed, the pressure in chamber 15 is maintained at a level of between about 10-760 Torr (1 ,33 x 10"^ to 1 x 
10^ Pa), preferably about 600 Torr (8 x lO'^ Pa). 

A process gas comprising oxygen and silicon sources is introduced into the deposition chamber. In a preferred 
embodiment, the silicon source is TEOS and the oxygen source is O3, but those skilled in the art will recognize that 
additional silicon sources such as SiH4, TMCT or similar sources, and other oxygen sources such as O2. HgO, NIgO, 
microwave -generated atomic oxygen, and similar sources and mixtures of the same also can be employed. When 
TEOS is used as a silicon source, a carrier gas such as helium or nitrogen is employed. The ratio of O3 to TEOS may 
range from about 2-1 7:1 , but is preferably between about 2-6:1 

The optimal total flow of the gaseous reactants will vary according to the geometry and design of the deposition 
chamber. The gas flow also can be varied to control the deposition rate. Typically TEOS is introduced at a flow rate of 
between about 500-2500 mgm and is preferably introduced at a flow rate of alx>ut 2000 mgm. O3 (between about 5-16 
wt % oxygen) is introduced at a flow rate of between about 2000-10000 seem, preferably about 5000 seem. Helium or 
nitrogen may be used as a carrier gas that is introduced at a flow rate of between 2000-10000 seem and preferably 
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about 7000 seem UsuaHy. the total flow of gases into the deposition chamber will vary between about 5000-20000 
seem, preferably about 15000 seem Under the above conditions, deposition rates of about 1450 A/minute or greater 
are attainable. The fk>w values above are for a 200-mm wafer chamber and will vary depending on size of chamber 
used artd size of wafer 

5 

b. Capping L^yer 

According to another en*odiment of the present invention, the deposited BSG (or PSG) layer may be capped with 
a thin, separate USG layer. The USG capping layer is a stable film that does not readily absorb moisture. Thus, the USG 

10 capping layer provides a hydrophobic surface on top of the BSG (or PSG) layer tiiat prevents moisture present in the 
ambient from being absorbed into the BSG (or PSG) film. Furthermore, the USG capping layer is a relatively dense film 
that irrpedes boron (or phosphorus) evolution. The USG capping layer thereby facilitates controlled diffusion of more 
dopant atoms in the doped dielectric layer downward into the semiconductor material. Without the USG capping layer, 
some of the dopant atoms may diffuse upward away from the semiconductor material during the subsequent anneal or 

15 rapid thermal process. Thus, the use of a capping layer contributes to controlling the diffusion and the junction depth. 
The USG layer can be deposited in a separate processing chamber from the BSG (or PSG) layer, but preferably is done 
as an in §ilu process in chancer 1 5 where deposition of the BSG (or PSG) layer also occurred. Of course, many proc- 
esses for forming a capping layer are possible. 

The following process for forming a USG layer is described as an example. An undoped silicate glass layer may 

20 also be used not only as a capping layer, as described below, but as an insulating dielectric layer without use of an 
underlying doped dielecti-ic layer. 

The wafer and heater 25 are heated to a temperature witNn the range of about 200-600*'C. but preferably about 
500°C. and then maintained at this temperature throughout the deposition. Heater 25 is positioned about 250-350 mil 
(6.3 to 8.8 mm) away from gas distribution plate 20 and preferably at about 300 mil (7.56 mm). With gate vafve 280 

25 closed, the pressure in chamber 15 is maintained at a level of between about 50-760 Tonr (6.66 x 10^ to 1 x 10 Pa), 
and is preferably at a pressure of between about 200-600 Tonr (2.66 x lO'* to 8 x 10* Pa), most preferably about 400 Torr 
(5,33 X 10"* Pa). 

A process gas corrprising oxygen and silicon sources is irtroduced into the deposition chamber. In a preferred 
embodiment, the silicon source is TEOS and the oxygen source is O3, but those skiHed in the art will recognize that 
30 additional silicon sources such as silane, TMCT or similar sources, and other oxygen sources such as O2. H^O. N2O 
and similar sources and mixtures of the same also can be employed. When TEGS is used as a silicon source, a canier 
gas such as helium or nifrogen is errployed. The ratio of O3 to TEOS may range from about 2-17:1 . but is preferably 
between about 2-6: 1 

The optimal total flow of the gaseous reactants will vary according to the geometry and design of the deposition 

35 chamber. The gas flow also can be varied to control the deposition rate. Typically TEOS is introduced at a flow rate of 
between about 500-1500 mgm and is preferably inti-oduced at a flow rate of between about 1000-1250 mgm. O3 
(between about 5-16 wt % oxygen) is introduced at a flow rate of between about 2000-10000 seem, preferably about 
7000 seem. Helium or nifrogen may be used as a earner gas that is introduced at a flow rate of between 2000-6000 
seem and preferably about 4000 seem. Usually the total flow of gases into the deposition chamber will vary between 

40 about 5000-20000 seem, preferably about 1 5000 seem. Under the above conditions, deposition rates of between about 
500 and 1500 A/minute are attainable. At such deposition rates, a USG layer cH about 100-200 A can be deposited in 
approximately 20 seconds. The flow values above are for a 200-mm wafer chamber and will vary depending on size of 
chamber used and size of wafer. 

The following processes for forming a USG capping layer are described as examples. Preferred applications 

45 have USG cap layers of between about 50-500 A. and preferably between about 100 and 300 A. A person of ordinary 
skill in the art. however, will realize that capping layers of different thickness can be employed depending on the spedf ic 
application and device geometi-y size. Depending on the application and gap sizes in which the deposited film is used, 
it may be preferable, although not essential, that the capping and doped dielectric layers be relatively thin. For thin lay- 
ers, the time to deposit and the time to etch away are reduced compared to tiiicker layers. The USG capping layer is 

50 deposited, and both the USG layer and the doped dielectric layer are etched back. It is also recognized that differerrt 
capping layers such as other similar stable oxide filrrts may be utilized to cap the doped dielecti-ic layer. Further, the 
USG cap layer may be formed over doped dielectric films deposited by APCVD. PECVD. or LPCVD, in place of SACVD. 
As discussed above, use of chant>er 1 5 for in silu performance of multiple process steps is most prefen-ed. with use of 
a multichamber system in which vacuum is not broken during transfer of substrates between various chambers in ti^e 

55 multichamber system is also prefened. 

According to another embodiment of the present invention, an in silu USG or similar cap layer is formed on a doped 
dielectric film by turning off the boron source or the phosphorus source just before completion of deposition of the 
doped layer. In this entxxJiment. the initial doped dielectric layer such as BSG (or PSG) is formed as described above. 
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Flow of the dopant source into chamber 1 5 then is stopped while the thermal reaction continues for an additional period 
of between 1 -30 seconds. Preferably, the thermal reaction continues tor about 3-10 seconds. In this embodiment, the 
dopant source is stopped by closing a valve on the source's supply line so that the thermal reaction is nnaintained with- 
out a dopant for at least 5 seconds. 

Of course, stopping the dopant gas source nrxjst be coordinated with the time it takes the gas to travel from the point 
of the valve to the gas mixing system 93 and then through the faceplate of plate 20. In rrxjst CVD machines several sec- 
onds is required for gas to flow from the injection valve to the deposition chamber, so the valve should be closed suffi- 
ciently in advance to allow for these delays. Thus, if TEB is the boron source, dosing the valve on the TEB supply line 
several seconds before completion of deposition of the BSG layer results in a thin USG cap which prevents occurrerKe 
of the previously described moisture absorption and outgassing phenomenon. 

The in silli deposition of the USG cap formed on the doped dielectric layer results in improved stability and immu- 
nity to moisture absorption, and contributes to improved control of the diffusion that forms ultra-shallow doped regions. 

Instead of or in addition to the use of a USG capping layer, a plasma treatment of the doped dielectric layer also 
may be used to reduce moisture absorption arxJ improve stability in the doped dielectric layer. In those embodiments 
equipped with a RF plasma system, this plasma densrfication treatmerrt may be used where plasma damage to the 
device is not a significant concern. In some embodiments, the deposition at tenrperatures greater than about 500°C 
may be sufficient to provide a dense dielectric film. The improved stability of the plasma -treated doped dielectric layer 
contributes to improved control of the diffusion that forms the ultra-shallow doped regions. Chamber 1 5 is maintained 
at between about 1 -5 Torr (133,3 to 666.5 Pa) during the plasma densification treatmerrt. With gate valve 280 closed, a 
plasma formed using a reactive gas such as, for example, nitrogen (N2), ammonia (NH3), or argon, is introduced into 
chamber 1 5. As merely one example of the plasma treatment that may be used, a reactive gas such as N2 is introduced 
in gas mixing system 93 at a rate of about 1000 seem mixed with helium at 1000 seem. RF plasma system is operated, 
for example, at a power level of about 450 Watts at a RF frequency of about 350 Megahertz (MHz) to create a plasma 
in chamber 1 5. The plasma serves to passivate the surface of the doped dielectric layer, which may have some nitrida- 
tion on its surface. The plasma treatment thus densif ies the doped dielectric film. More dopants in the densified doped 
dielectric film, which is resistant to nrxaisture absorption, are available for forming the ultra-shallow junctions. 

D. Heating Pr oc ess es For in S itu Depositi on And / Qr For Reflow 

CVD apparatus 10 has high temperature capabilities allowing an in §itu heating step following a deposition process 
on the same wafer for a two-step deposition/reflow process, or an in srtu heating step concurrent to a deposition process 
on the same wafer for a one-step deposition/reflow process. For use as a PMD layer formed over high aspect ratio tran- 
sistors or isolation trenches an undoped or doped dielectric film, such as PSG, often requires planarization which is 
important in forming integrated circuit devices. Planarization of a doped dielectric layer may be performed by ref lowing 
the layer at high temperatures. Performing ref low also contributes to improving gap-fill of the deposited film, especially 
for high aspect ratio features on the wafer. Of course, heating steps for other purposes and applications also may be 
performed in CVD apparatus 10. The following heating procedure discussed below serves merely as an exemplary 
heating step which may be used for ref low. but other heating steps for dopant drive-in in some applications or tor other 
purposes also can be done. 

According to a specific embodiment, two-step deposition/reflow process is described below. With gate valve 280 
closed, chamber 15 may be maintained at a pressure of about 200-760 Torr (2,66 x lO'* to 1 x 10^ Pa). With the wafer 
and heater 25 in the processing position between about 200-400 mil (10 mm), preferably between about 330-350 
mil(8,3 to 8.8 mm), from distribution plate 20. the wafer and heater 25 are heated to a high temperature of between 
atjout 50O-8O0**C, preferably between about 550-650**C. in chamber 15. for deposition processing. Stopping reactive 
gas flows, the wafer may then be heated at between about 750-950°C, preferably between about 750-850°C for about 
5-30 minutes, preferatjiy about 15-20 minutes, in order to ref low the dielectric layer, according to a specific embodiment. 
The ref low temperature may be the same as or higher than the deposition temperature in the two-step process. Further, 
for a nxiltiple-step deposition/reflow process, the temperature may be ramped from the deposition temperature to an 
intermediate temperature (or intermediate temperatures) before being ramped to the ref low temperature. Of course, the 
time and temperature for the heating steps may differ deperxJing on the particular application being performed and on 
the p>articular layer being formed. 

According to another specific embodiment, a one-step deposition/reflow process is described. Wrth gate valve 280 
closed, chamber 15 may be maintained at a pressure of about 200-760 (2,66 x 10^ to 1 x 10^ Pa) With the wafer and 
heater 25 in the processing position between about 200-400 mil (5 to 10 mm), preferably between about 330-350 
mil(8,3 to 8.8 mm), from distribution plate 20, the wafer and heater 25 are heated to a high enough temperature of 
between about 750-950''C. preferably between about 750-850**C, in chamber 15, for simultaneous deposition and 
ref tow processing to occur. Of course, the time and temperature for the deposition/reftow step may differ depending on 
the particular layer being formed. 
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As discussed above, keeping the wafer within the same chamber 1 5 for multiple jn gjiu processes prevents expo- 
sure of the wafer to the environment, where moisture may be absorbed, and contamination by impurities. Further, dep- 
osition of dielectric films at temperatures greater than about 550°C can provide dense and high quality films which do 
not form voids when heated. Deposition of the deposited films at these temperatures also reduces shrinkage. 

5 

E. Chamber Cleanino/Seasoninq/Gettefing Processes 

After the processing step or multiple processing steps, such as the exemplary steps discussed above, have been 
performed on the wafer in chamber 15. the wafer is transferred out of chamber 15 for subsequent process steps as 

w needed. When the vacuum lock door is closed, sealing chamber 15 without a wafer on heater 25. chamber 15 may 
undergo a chamber cleaning process to eliminate deposition process residues such as undesired oxides and/or nitrides 
from portions of chamber 15. including the unlined chamber walls in the lower portion of chamber 15. the bottom of 
heater 25. as well as other chamber components. To ensure reliatile wafer-to-wafer repeatability, the chamber dean 
rerrwves any residues built up during the deposition processes. These residues can be cleaned from chamber compo- 

J5 nents by using fluorine radicals, for example, from a plasrm formed with reactive clean gases by renxrte microwave 
plasma system 55. Due to its high reactivity with F atoms, residue silicon oxide can be removed by the formation of a 
S)F4 gas product which may be pumped away out of chamber 15. The chamber cleaning procedure discussed below 
may be performed after processing of every wafer or every several wafers. 

In a preferred errbodiment of the present invention, NF3 is used as the dean gas to provide the fluorine radicals. 

20 The present invention preferably uses remote microwave plasma system 55 to decompose NF3 gas and generate a flow 
of F atoms into chamber 1 5. Using a fluorine chemistry with remote microwave plasma system 55 of the present inven- 
tion advarrtageously has low kinetic energy and does not have physical sputtering effects or formation of charging spe- 
cies in the subsequently deposited film, compared to in S!^ plasma processes. Furthermore, consistent with 
environmental requirements to reduce global warming effects, the use of NF3 does not generate any long-lived per- 

25 ftouro-cartxjn (RFC) products. 

To ensure the best clean efficiency, the F flux as well as rts cleaning uniformity shouW be optimized. At a certain 
NF3 gas flow, there is a threshold microwave power setting, above which the generation of F atoms are compensated 
by their recombination. Fig 21 shows the relationship between NF3 flow and microwave saturation power that gives the 
highest clean rate wrthout any excessive hardware costs, in accordance with a specific embodiment of the present 

30 invention. As shown in Fig. 2 1 , the microwave satijration power ranges from between about 1 300-21 00 Watts for conre- 
sponding NF3 flows of between atxxjt 500-950 seem, according to the specific embodiment. For a prefened embodi- 
ment discussed below, the microwave saturation power is aboui 2100 Watts for a NF3 flow of about 950 seem. The 
clean uniformity can be controlled by chamber pressure as well as heater spacing, both of which can adjust the mean 
free path of the gas species and pumping profile. As discussed earlier, since the highest pressure that can be tolerated 

35 by the above<liseussed embodiment of applicator tube 292 is about 2 Ton (266.6 Pa), spadng was used to optimize 
clean uniformity. In other embodiments using different embodiments of applicator tijbe 292, both pressure and spacing 
may be used in the clean uniformity optimization. 

In an exenplary chamber deaning process, chamber 15 is maintained at a temperature ranging between about 
300 -650' C. more preferably at about 550-600°C throughout the cleaning procedure, in preferred emtKidiments. Most 

40 preferat>ly. chamber 15 is maintained at the same temperature at which the particular process is being run in chamber 
15 For example, chamber clean processes would be run at 600"C in those chambers used, as an example discussed 
atxjve. for depositing PSG films at 600'*C. With the throttle valve opened and gate valve 280 closed, heater 25 is posi- 
tioned about 100-250 mil (2,5 to 6,3 mm), preferably about 1 50 mil (3.8 mm), from gas distritxition plate 20 so that gas 
distribution plate 20 is heated up. Heating up gas distritxjtion plate 20 allows a faster dean to occur. This heating step 

45 may be done for between about 3-10 seconds, preferably about 5 seconds. 

Then, pressure and clean gas flow are optimally stabilized before the clean is performed. During the pre-clean sta- 
bilization step, chamber 15 optimally should be mairrtained at pressure levels, which are also used during the dean 
step, where fluorine speaes are not rapidly removed and recombination does not occur. In the pre-clean stabilization 
step, charr*3er 15 is brought to a pressure between about 1-2 Torr (133.3 to 266,6 Pa), preferably about 1 .5 Ton- (200 

50 Pa), with gate valve 280 is open. With chamber 15 maintained at pressures lower than about 1-2 Torr (133,3 to 266.8 
Pa), rapid removal of fluorine spedes occurred, resulting in poor chamber deaning results. At chamber pressures 
higher than about 1-2 Torr (133.3 to 266.6 Pa), reconnbination may occur due to collision losses, as well as causing 
overheating and damage to applicator tube 292. Heater 25 is moved away from gas distribution plate 20 to a distance 
of between about 450-700 mil (1 1 ,3 to 17.6 mm), preferably about 600 mil (15.1 mm). The clean gas. NF3. is also intro- 

55 duced at a rate of between about 600-1 100 seem, preferably at)out 950 seem, into applicator tube 292. This pre-dean 
stabilization step lasts between about 2-6 seconds, preferably about 3 seconds before microwave power is applied dur- 
ing the chamber dean step. In the chamber dean step, the pre-clean stabilization conditions in chamber 15 are main- 
tained at a pressure ranging between about 1-2 Torr (133,3 to 266.6 Pa), preferably at about 2 Torr (266,6 Pa). When 
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the cleaning procedure is perlormed. microwave pxwer of between about 500-2500 Watts is applied to applicator tube 
292. Preferably, nriagnetron 711 provides about 2.45 GHz microwaves and is operated in CW mode at atout 2100 Watts 
for the preferred clean gas flow of about 950 seem. The microwaves are transmitted from magnetron 71 1 through the 
waveguide and optimizing system to enter applicator tube 292 through the window, as discussed above UV lamp 731 
ignites the reactive gases in applicator tube 292 to form a plasma, with ionization sustained by the microwave energy 
entering applicator tube 292 at the window. 

During the chamber clean step, fluorine radicals from the plasma formed in applicator tube 292 to which micro- 
waves are applied may then flow through opened gate valve 280 and into chamber 15 to clean surfaces of undesired 
oxide residues. Since the plasma is formed upstream of chamber 15. only the reactive fluorine radicals in the plasma 
are able to reach and remove the residue built-up portions of chamber 15. Therefore, various portions of chamber 15 
are cleaned of deposition process residues while minimizing direct plasma damage to the chamber 1 5. The chamber 
clean lasts between about 30 seconds to about 10 minutes, preferably between at»ut 60-200 seconds, and most pref- 
erably for atx)ut 160 seconds. Of course, the chamber dean time may vary depending on the thickness and type of 
oxide residue in chancer 1 5. As mentioned above, it is recognized that flow values may differ depertding on the size 
and type of the chamber, as well as the dimensions and material of the applicator tube, used in other embodiments. The 
atx>ve-d escribed clean process also reduces backside undesired residue deposition behind both the blocker and gas 
distribution plates. 

After the chamber dean, additional post-clean steps may be performed. During the post-dean steps, chamber 15 
is preferat>ly maintained at the above tenrperatures discussed for the above deposition and dean processes At the end 
of the chamber clean step, dean gas flow is stopped and microwave power is no longer supplied. Chamber 15 is 
pumped to remove nx>st of the F residue atoms. During this post-clean pumping step, heater 25 is moved to a position 
of between about 1500-2200 (37,8 to 55.4 mm), preferably about 2000 mil (50 mm), from gas distribution plate 20 while 
the throttle valve is opened and gate valve 280 remains open. The pumping step lasts between about 5-20 seconds, 
preferably about 1 0 seconds, depending on the amount of clean gas reactants and residue exhausted out of chamber 
1 5. Clean erxJpoint detection system also may be utilized to assist In determining the stop time for the post-clean pump- 
ing until substantially all deposition process residues are removed from chamber 15. 

After the fluorine-based chamber cleaning procedure, there may be some adsorption of active fluorine species on 
the surface of the chamber walls, close to where the wafer would be located when the next deposition process occurs. 
In the next deposition process, the fluorine might then interact or be Incorporated into the deposited film, causing film 
sensitivity at the surface. This film sensitivity manifests itself as a rough surface, which may be problematic with the tol- 
erances required by high integration devices, resulting in device malfunctions. The present invention provides the ability 
to getter any adsorbed fluorine from the surface of chamber waits by several methods discussed below. 

After the post-clean pumping step, a seasoning may be performed to recombine all free F spedes by either chem- 
ical reaction or trapping the F to the chamber walls through silicon oxide (SiOa) deposition. The post-clean pumping and 
seasoning steps are performed for reducing both particle formation and F content inside subsequently deposited films. 

Optimally between the post-dean pumping step and seasoning step is another stabilization step to stabilize cham- 
ber pressure and gas flow and to move heater 25 into position for the seasoning step. In this stabilization step, gate 
valve 280 Is closed and chamber 15 is maintained at a pressure of between atKXrt 20-70 Torr (2,66 x 10^ to 9,33 x 10^ 
Pa), preferably 50 Torr (6,66 x 10^ Pa). Heater 25 is also nx>ved to a position of between about 300-550 mil (7.6 to 13,8 
mm), preferably about 500 mil (1 2.6), from gas distribution plate 20. In a specific embodiment, the seasoning step pres- 
ently desaibed uses ozone and TEOS with helium as the carrier gas to season chamber 1 5 for subsequent silicon 
oxide deposition. Of course, other gases may be used in the seasoning and pre-seasoning stabilization steps, depend- 
ing on the type of silicon oxide deposition desired. In the pre-seasoning stabilization step, liquid TEOS at a flow rate of 
between about 200-400 mgm. preferat>ly about 300 mgm. is vaporized and transported with a helium carrier gas flowing 
at a rate of between about 4000-8000 seem, preferably at about 6000 seem, into chamber 15. Gas flows may be intro- 
duced into chamber 15 via the normal inlets used for deposition or via applicator tube 292 without application of micro- 
waves. This stabilization step lasts between about 5-25 seconds, preferably about 1 5 seconds, before the seasoning 
step begins with the introduction of the oxygen source to t>egin deposition of the seasoning oxide onto chamber 15. In 
the thermal seasoning step, ozone is introduced at the flow rate used for the particular deposition process used (e.g.. 
atwut 5000 seem for the experimental USG deposition process at 550°C discussed above, or about 4000 seem for the 
experimental PSG deposition process at eOO^'C discussed at>ove) for between about 10-20 seconds, preferably about 
15 seconds, to deposit a thin layer of silicon oxide (e g., the experimental USG deposition process having about 12 5 
wt % oxygen, or the experimental PSG deposition process having about 8 wvt % oxygen) onto surfaces in chancer 1 5. 
During the seasoning step, the ozone flow is optimally consistent with the deposition process to minimize any fluctua- 
tion in ozone flow and concentration. Seasoning chamber 15 thereby can trap fluorine atoms that may have been 
adsorbed onto the surfaces of chamber 1 5. 

Following the thermal seasoning step discussed above, final stabilization and pumping steps may be performed. 
Optimally these final steps are also performed at the deposition temperatures discussed above. In the final stabilization 
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step, the throttle valve is opened periodically to allow the chamber pressure to adjust to atmosphere, while gate valve 
280 remains closed. Heater 25 is moved to a positon of between about 800-1000 mil (20.2 to 25.2 mm), preferably 
about 999 mil (25,17 mm), from gas distribution plate 20. TEOS flow is stopped, while helium and ozone flows remain 
the same as in the seasoning step. The final stabilization step is performed for a time period of between about 5-20 sec- 

5 onds. preferably about 10 seconds, before the final pumping step begins. In the final pumping step, gate valve 280 
remains closed and heater 25 is not moved. All gas flows are stopped and the throttle valve is opened. The final pump- 
ing step lasts t^etween about 5-20 seconds, preferably about 10 seconds, before another wafer is introduced into cham- 
ber 15. which IS now ready for the next deposition process, heating, or wafer cleaning step. It is recognized that final 
stabilization and pumping steps also may be modified and similarly used with the particular seasoning step or alter na- 

To five gettering step (examples discussed below) selected. 

In embodiments alternative to those discussed above, the pre-dean stabilization step discussed atxjve may further 
include a ramping of the microwave power from a low microwave power to tiie final clean operating level of microwave 
power, allowing pre-dean stabilization of pressure and microwave plasma generation. In a preferred alternative embod- 
iment, the pre-dean stabilization step discussed above may be sut>stituted with the following pre-dean stabilization. 

15 Allowing for simultaneous stabilization of pressure and microwave power, the step of ramping 14) the microwave 

power to generate a N2 (or other inert gas. depending on the clean gas used) plasma provides a lower pressure shock 
profile on applicator tijbe 292 upon NF3 plasma generation, in accordance wrth a specific embodiment. Microwave 
power levels applied to magneti-on 71 1 from microwave power supply 110 may be adjusted under the control of proc- 
essor 50. For example, the microwave power may be ramped from zero to a level of about 300 Watts (or some other 

20 power level between 0 and tiie final clean operating power level) during the statHlization step, and then to 2100 Watts 
in the dean step, to provide a more gradual, optimal stabilization process. Specif icatly. after the heating step, heater 25 
is moved to a position about 600 mil (1 5.1 2 mm) from gas disti-ibution plate 20 and is inti-oduced at a flow of between 
about 100-400 seem, preferably about 300 seem, into applicator tube 292, while the throttie valve remains open and 
gate valve 280 remains closed. After about 5 seconds, the throttle valve is closed and gate valve 280 is opened, allow- 

25 ing pressure to stabilize for tiie next 5 seconds as chamber 1 5 is brought to the dean process pressure, about 1 .5 Torr 
(200 Pa) in a specific embodiment. Then, an intermediate level of microwave power between about 200-400 Watts, pref- 
erably about 300 Watts, is applied to applicator tube 292 to form a N2 plasma during the next 5 seconds. For tine next 
5 seconds. NF3 is also introduced into applicator tube 292 while the microwave power level is ramped to the clean level. 
Specifically. NF3 may be introduced at a rate between about 600-1 100 seem, preferably atxjut 950 seem, into applicator 

30 tube 292, while the microwave power level is rarrped up to the final microwave power dean operating level of about 
2100 Watts. Then. flow is stopped and plasma is generated using only NF3, allowing for stabilization of the NF3 
plasma generation stabilization for atxjut 5 seconds. From this point, the dean may proceed, as discussed above. In 
the above discussed alternative embodiment, both pressure and plasma generation are stabilized prior to performing 
the deaning step with the NF3 cleaning plasma. This alternative pre-dean pressure/jDlasma stabilization may last for a 

35 total time period preferably between about 20-30 seconds with each power level ramp-up allotted an appropriate slice 
of time from the time period. Accordingly, pressure shocks from an immediate, one-step application of high microwave 
power (for example, from 0 to 2100 Watts) on applicator tube 292 are thus minimized, resulting in an enhanced lifespan 
for applicator tube 292. 

Although the above described embodiment is a two-step power level ramp-up. other ennbodinnents may have mul- 
40 tiple-step ramp-ups (for exanple. from 0 to 300 to 1200 to 2100 Watts). Furtiier, a miaowave power ramp^down step 
optionally may be performed between the above described clean step and the post-dean pumping step. Two-step or 
multiple-step ranpnjowns also are possible for ottier embodiments. Of course, the ranping may be continuous, a series 
of discrete steps, or a conpination thereof. For CVD systems which have a RF plasma system, ramp-up and/or ramp- 
down of RF power levels may be performed for pre-dean stabilization steps where an jn §ilu plasma chamber dean is 
45 used, in accordance with further embodiments. Although specific times are discussed above for each part of tiie stabi- 
lization, in other embodiments, the specif ic times may be varied and parts of the stabilization may be combined or elim- 
inated to reduce time. 

As an alternative to tiie thermal chamber seasoning discussed above, a chamber seasoning may be employed 
which uses TEOS and Oj. Vaporized TEOS may be introduced into chamber 1 5 via inlet 43 and gas mixing box 273 or 

50 using the bypass passage in the lid The O2 is sent through applicator tube 292 for radiation (for example, between 
about 500-21 00 Watts, preferably 2100 Watts) by microwaves from magnetron 71 1 of microwave plasma system 55. to 
produce atomic oxygen Og may be inti-oduced into applicator tube 292 at a flow rate of between about 50-200 seem, 
preferably about 100 seem, while gate valve 280 is opened and chamber 15 is maintained at a pressure of between 
about 1-2 Torr (133.3 to 266.6 Pa), preferably at>out 1.5 Torr (200 Pa), and a temperature of between about 300-650**C. 

55 preferably between about 550-600*»C. The atomic oxygen is able to react with the TEOS in chamber 15 to provide a 
microwave-enhanced chamber seasoning. AHer natively, for embodiments having a RF plasma system able to provide 
an in situ plasma, vaporized TEOS may be introduced into chamber 15 where the RF plasnr^ system can create a 
plasma with wnich the atomic oxygen may react for a RF-enhanced chamber seasoning. 
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As another artemative to chamber seasoning to provide gettering of fluorine atoms from chamber surfaces, SiH4 
may be flowed at a rate of between about 50-200 seem, preferably about 100 seem, into chamber 1 5 to purge chamber 
15- Silane may flow into chamber 15 via line 85 into chamber 15 from one of the other supply sources 90 (Fig. 1C) to 
gas mixing system 93 with closed gate valve 280, via other purge inlets to chamber 15 with dosed gate valve 280. or 
via applicator tube 292 with or without application of microwaves and with opened gate valve 280. Durirtg the silane 
purge procedure, chamber 15 is maintained at a pressure of atxjut 1-5 Torr (133,3 to 666,5 Pa) artd a temperature of 
between about 300-650°C. preferably between about 550-600''C. with gate valve 280 closed. Purging chamber 15 
absorbs the F atoms and results in the formation of SiF4 gas, which is then pumped out of chamber 15 via the exhaust 
system The endpoint detection system, as described atxive in detail, then allows the system to determine when the 
chamber cleaning process is completely done. 

As a further alternative to seasoning or to purging chamber 15 with silane. as described above, gettering may be 
achieved by providing active hydrogen into chamber 15. Hydrogen (e.g. or other hydrogen source) would be used 
as the "clean gas" supply source at a flow rate of between atxjut 50-200 seem, preferably about 1 00 seem, and sent via 
switching valve 105 into applicator tube 292 via inlet 57 (Fig. 1C). Magnetron 71 1 is operated at CW mode at a power 
level of between about 500-2500 Watts. preferat)ly about 1000 Watts, to provide microwave energy to applicator tube 
292, thereby producing a plasma therein. The active hydrogen from the plasma in applicator 292 woutd then flow 
through the lined passage in enclosure assembly 200 and into conduit 47 for use in chamber 15. Of course, for systems 
which also include RF plasma systems, hydrogen may be introduced into chamber 1 5 and RF energy applied in cham- 
ber 15 to provide the active hydrogen. During the gettering procedure, chamber 15 is maintained at a pressure of about 
1 -2 Torr (1 33.3 to 266.6 Pa) and. optimally, at the deposition temperature of about 300-650**C, preferably between about 
550-600°C with gate valve 280 open. The active hydrogen reacts with the adsorbed fluorine to produce hydrogen fluo- 
ride (HF) vapor which may then be pumped out chamber 1 5. An endpoint detection system, operating on similar prin- 
ciples as the endpoint system described above but to detect changes in light intensity due to absorbartce by HF, may 
also be used 

Yet another altemative to seasoning, pturging chamber 1 5 with silane, or using active hydrogen, is to provide ammo- 
nia into chamber 1 5. Ammonia (NH3) would be used as the "clean gas" supply source in gas panel 80 at a flow rate of 
between about 50-200 seem, preferat^y about 100 seem, arxj sent via switching valve 105 into applicator tube 292 via 
inlet 57 (Fig. 1C). Magnetron 71 1 is operated at CW mode at a power level of between about 500-2500 Watts, prefera- 
bly atxjut 1000 Watts to provide microwave energy to applicator tube 292. thereby producing a plasma therein. The 
ammonia from the plasma in applicator 292 would then flow through the lined passage in erclosure assemtsty 200 and 
into conduit 47 for use in chamber 15. During the gettering procedure, chamber 15 Is maintained at a pressure of about 
1-2 Torr (133,3 to 266,6 Pa) and. optimally, at the deposition temperature of between about 300-650*C, preferably 
between atxxjt 550-600*'C with gate valve 280 open. The amnrwnia reacts with the adsoriDed fluorine to produce an 
ammonium fluoride compound and HF vapor which may then be pumped out of chamber 15. Of course, for systems 
which also include RF plasma systems, ammonia may be introduced into chamber 1 5 and RF energy applied in cham- 
ber 15 to provide the ammonium fluoride corrpound and HF An endpoint detection system, operating on similar princi- 
ples as the endpoint system described above but detecting light intensity changes due to absort^nce by ammonium 
fluoride and HF. may also be used. 

Although the cleaning process conditions described above are exemplary for the present embodiment, other con- 
ditions may also be used. The above description discusses NF3. merely as an example, in a Giga FillO Centura cham- 
ber availatDle from Applied Materials fitted for 200 -mm wafers and having 6 liters total volume, as do the various 
deposition descriptions below. However, other fluorine-containing or chlorine-containing gases, such as NF3 and argon. 
NF3 and N2, NF3 and O2. NF3 arxJ atomic oxygen generated by microwave plasma system 55, dilute F2. CF4. C3F8. 
SFg, C2F6. CI2, etc., may be used as well. Other gases besides those described above also may be used for the get- 
tering procedure. Also, pre-seasoning stabilization steps would vary depending on the particular type of seasoning/get- 
tering process selected from the various afternatrves to the above discussed thermal seasoning. The above 
deseriptons for cleaning, gettering. and seasoning are stated to occur at preferred temperatures (for example, about 
550-600'*C). but it is noted that, most preferably, chamber 15 is maintained at the same temperature at which the par- 
ticular process is being run in chamber 1 5. Of course, different temperatures also may be used in other embodiments. 
Further, some embodiments may combine, add, or eliminate some portions of the cleaning, gettering. and seasoning 
steps described above. 

til Test Results And Measurements 

A. Ultra-shallow Doped Junctions 

To demonstrate the operation of the apparatus and method according to embodiments of the present invention, 
experiments were performed measuring the sheet resistivity and junction depths of ultra-shallow junctions formed using 
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as examples BSG films manufactured without a USG capping layer and formed using BSG films with a USG capping 
layer. The uncapped BSG films were about 150 A thicK while the capped BSG films were about 150 A thick with atjout 
a 200 A USG cap. Both capped and uncapped BSG films were deposited on a low- resistivity N-type silicon wafer. Sheet 
resistivity and junction depths of ultra-shallow jurictions formed using the uncapped and capped BSG films were meas- 
5 ured. For films deposited in chamber 1 5 of CVD apparatus 10. described in detail above, gate valve 280 is closed during 
the film deposition steps according to a specific embodiment. 

Actual process conditions used in the experiments are as follows. Specifically, the BSG filnns were deposited at a tem- 
perature of about SOCC and at a pressure of about 600 Torr (8x10* Pa). Spacing between the susceptor and manifold 
was about 300 mil (7.56 mm) Gas flows in the experiments included introducing JEB into the chamber at a rate of 

TO about 200 mgm. introducing TEOS at a rate df about 500 mgm. introducing oxygen {O3) at a rate of about 5000 seem, 
and introducing the helium carrier gas at a rate of about 8000 seem. 

The above conditions resulted in BSG film deposited at a rate of 700 A/mtnute. The deposited BSG film had a thick- 
ness of about 1 50 A for a process time of about 1 5 seconds. 

In experinnents where a USG cap was used, the USG capping layer was formed in an in ailU process immediately 

15 after the bulk BSG layer was deposited. The preferred embodiments use a chamber that is a closed system which min- 
imizes moisture available to react with the BSG film before deposition of the USG capping film. The susceptor was 
heated to a temperature of about SOCC. the chamber was maintained at a pressure of about 600 Ton- (8 x lO'* Pa), and 
the susceptor was positioned about 300 mil (7.56 mm) from the gas distribution manifold. TEOS, ozone and helium 
were introduced into the deposition chamber at flow rates of about 500 mgm, 5000 and 5000 seem, respectively. The 

20 above corxiitions resulted in a USG film deposited at a rate of about 700 A/minute. A USG film had a thickness of about 
200 A for a process tme of about 15 seconds. 

Diffusion of dopants from the uncapped arxJ capped BSG films is achieved by heating the film using annealing or 
a rapid thermal process. For example, a rapid thermal process for 60 seconds in a nitrogen (N2) ambient may result in 
a junction depth of about 500-1000 A depending on the temperature, time and dopant concentration. 

25 The parameters used in the experiments using BSG films should not be limiting to the daims as descrit>ed herein. 

One of ordinary skill in the art can also jse other chemicals, chamber parameters, dopants, and conditions to produce 
BSG films or other films such as PSG. AsSG. and others. 

Experiments were conducted using uncapped BSG films of about 200 A thickness having about 6 wt % of boron. 
These experiments illustrate the ability to form ultra-shallow junctions using BSG films as the dopant source for a sub- 

30 sequent diffusion step. 

At boron concentrations exceeding 6 wt % boron, uncapped BSG films deposited at temperatures less than about 
500*'C tended to become unstable and to crystallize within hours As mentioned above, crystallization reduces the 
amount of boron atoms available for diffusion into the silicon substrate. Deposition of BSG at temperatures greater than 
about 550°C are believed to provide stable uncapped BSG films with tjoron concentration of more than 6 wt %. For 
35 applications where boron concentrations greater than 6 wt % boron are needed, BSG films may be optimally capped 
with a USG film to prevent crystallization. By preventing outgassing, the USG cap also provides the ability to control the 
direction of the diffusion of dopant atoms into the silicon sutjstrate. The USG cap therefore prevents more boron atoms 
from being lost so that more txjron atoms are available for diffusion that may be directed more easily into the silicon sub- 
strate. 

40 To demonstrate the further advantages of using a capping layer over the doped dielectric layer for some applica- 
tions, further experiments were conducted using BSG films having about a 150 A thickness and a 6.131 wt % boron, 
with about a 200 A USG cap deposited over the BSG f Im. These further experiments illustrate the at)ility to form ultra- 
shallow junctions using capped BSG films as the dopant source for a subsequent diffusion step. Sheet resistivity and 
junction depth of the ultra-shallow junctions formed using uncapped and capped BSG films were measured. These 

45 experiments show that subjecting the BSG film to a 1 minute rapid thermal process at about 1 050°C provides the capa- 
bility to control the sheet resistivity and junction depth of ultra-shallow junctions formed with either the BSG film alone 
or with the BSG film with USG cap. 

Rgs, 22A-22C provide information about the effect of the USG cap on the junction depth and dopant uniformity of 
the diffused regions. Measurements for Figs. 22 A and 22C were performed using solid state measurement equipment 

50 for the spreading resistance profies, as is well known to those skilled in the art. Carrier concentration is shown as a 
function of depth A "p" represents the measured concentration of boron at a depth measured from the silicon substrate 
surface, and an "IM" represents the measured concentration of the N type silicon substrate at a depth measured from 
the silicon substrate surface The junction depth is defined as the position where the dopant concentration equals the 
substrate concentration. In the present experiments, the silicon substrate used had a substrate concentration of about 

55 1 .6x10^"* can-iers/cm^. Sheet resistivity of the diffused regions shown in Figs. 22 A arxJ 22C was measured using four- 
point probe (4pp) techniques, as are well known to those skilled in the art. Fig. 22B illustrates the total impurity profile 
of the wafer of Fig 22A as measured by the more elaborate method of secondary -ion -mass -spectroscopy (SIMS) which 
is useful tor providing precision profile measurements in high-concentration or shallow -junction diffusions, as is well 
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known to those skilled in the art. 

Specifically, Fig. 22A is a graph showing the dopant profile of an ultra -shallow junction formed after a heating step 
using a 6.1 31 wt % BSG layer having a USG capping layer. TTie BSG film was about 150 A thick and the USG capping 
layer deposited on top of the BSG film was about 200 A thick. The heating step was performed by a rapid thernnal proc- 
ess for about 60 seconds at about 1050^0. The BSG and USG films were then stripped by etching. As seen in Rg. 22A, 
the resulting junction has a depth of about 0.06 mm in the silicon substrate, and the dopant profile appears fairly uni- 
form. The maximum concentration of boron is about 6x1 0""^ carriers/cm*^. The sheet resistance of the resulting junction 
was measured to be atwDut 685 W/cm^. The 4pp sheet resistance was measured to be about 222 W/cm^. with the sum- 
mation of dose ions in the P type layer measured (Sp) being 1 .6x10^^ carriers/cm^. 

Fig. 228 illustrates the dopant depth profile as measured by SIMS for an ultra-shallow junction desaibed in Fig. 
22A. From the surface of the silicon substrate to a depth of about 100 A from the surface, the concentration of boron 
ranges between atxxjt 2x1 0^^ carriers/cm^ to about 1 xl O^"' can-iers/cm^. Between about 100 A to about 300 A from the 
surface of the silicon substrate, the concentration of k)oron ranges between about 1x10^^ carriers/cm^ to about 3x1 O^'' 
carriers/crrr*. Below about 300 A from the surface of the silicon substrate, the concentration of boron, silicon, arxj oxy- 
gen diminishes rapidly indicating the bulk substrate. The steep shallow junction shown in Fig. 22 B denxinstrates the 
dopant incorporation possible according to an embodiment of the present invention. 

Fig. 22C is a graph showing the dopant profile of an ultra-shallow junction formed without the heating step using a 
6.131 wt % BSG layer having a USG capping layer. The BSG film was about 150 A thick and the USG capping layer 
deposited on top of the BSG fim was about 200 A thick. No heating step was performed. The BSG and USG films were 
stripped by an etching technique. As seen in Fig. 22C. it appears a jurtction with a depth of about 0 025 mm has formed 
despite the lack of a heating step. Apparently, the junction has formed due to the high dopant concentration of boron in 
the BSG film diffusing into the silicon substrate even without a heating drive-in step. The maximum concentration of 
boron is about 7x10^^ carriers/cm"^. The sheet resistance of the resulting junction was measured to be about 55 W/cm^. 
with the summation of dose ions in the P type layer (Sp) being 4.9x10^ ^ carriers/cnrr^. 

Fig. 23 A is a graph showing the dopant profile of the junction formed with a heating step using an 8 084 wt % BSG 
layer having a USG capping layer. Fig. 23B is a graph comparing the dopant profiles of the junctions formed with the 
same heating step using a 6.131 wt % BSG layer having a USG capping layer and an 8.084 wt % BSG layer having a 
USG capping layer, in order to illustrate the effect of dopant concentration on junction depth. Figs. 23C and 23 D show 
the effect of the temperature of the heating step on junction depth and on sheet resistivity, respectively Figs. 23E and 
23F show the effect of the time of the heating step on junction depth and sheet resistivity, respectively The spreading 
resistance profiles and sheet resistivity measurements of Figs. 23A-23F were performed using solid state equipment 
and four-point probe measurements. 

Fig. 23 A is a graph showing the dopant profile of the junction formed with a heating step using an 8.084 wt % BSG 
layer having a USG capping layer. The BSG film was about 150 A thick and the USG capping layer deposited on top of 
the BSG film was about 200 A thick. A heating step was performed using a rapid thermal process for about 60 seconds 
at about 1 000° C. The BSG and USG films were stripped by an etching technique. As seen in Fig. 23 A, an uttra-shallow 
junction having a depth of about 0.12 mm was formed with good dopant uniformity. The maximum concentration of 
twron is about 1 x20^° carriers/cm^. The sheet resistance of the resulting junction was measured to be about 1 45 
W/cm^, with the summation of dose ions (Sp) being 7.9x10^'* carriers/cm^. The 4pp sheet resistance was measured to 
be at>out 96 W/cm^. 

Fig. 23B shows the dopant profiles of the junctions formed with a heating step using different boron wt % BSG lay- 
ers (in partrcular 6. 131 wt % and 8.084 wt %) having USG capping layers. The BSG films were each atx)ut 1 50 A thick 
and the USG capping layers deposited on top of the BSG films were each about 200 A thick The heating step per- 
formed was a raptd thermal fxocess for about 60 seconds at about lOOO^C. As seen in Fig. 23 B, the resulting junction 
depth for the 8.084 wt % BSG film is almost twice as much as the resulting junction depth for the 6. 131 wt % BSG film. 

Figs. 23C and 23D are graphs showing the effect of heating step temperature on dopant profiles and sheet resis- 
tivity respectively for 6. 1 31 wt % BSG films having USG capping layers. The BSG films were about 1 50 A thick and the 
USG capping layers deposited on top of the BSG films were about 200 A thick. The heating steps were performed using 
a rapid thermal process for about 60 secorxJs at temperatures of about 900<*C, 950°C, 975*C. and 1000**C. As shown 
in Fig. 23C, the junction formed after the heating step at 1 0OO^C is atxjut 0.1 mm. compared to the about 0 06 mm junc- 
tion formed after the heating step at the lower temperature 975°C. The sheet resistivity of the 6.1 31 wt % BSG film was 
about 180 W/cnrt^ for the heating step at lOOO^C. artd about 600 W/cm^ for the heating step at 975°C. as seen in Fig 
23 D A higher tennperature heating step (beyond 950°C) results in a deeper diffusion depth for the shallow junction 
famed. 

Figs. 23E and 23F are graphs showing the effect of heating step time on dopant profiles and sheet resistivity, 
respectively, for 6.131 wt % BSG film having USG capping layers. The BSG films were alx>ut 1 50 A thick and the USG 
capping layers deposited on top of the BSG films were about 200 A thick The heating step was performed using a rapid 
thermal process at atjout lOOO^'C for atwut 40 seconds and for about 60 seconds As shown in Rg 23E. the jurtction 
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formed after about a 40-second heating step is about 0 06 mm, while the junction formed after a 60-second heating step 
is abut 0.1 mm. The sheet resistivrty of the 6.131 wt % BSG films was about 230 W/cm^ after the 40 second heating 
step and about 150 W/cm^ after the 60 second heating step. Accordingly, it is seen that the length of time of the heating 
step may determine the diffusion depth in forming ultra-shallow junctions. 
5 The above expenments of BSG used for ultra-shallow doped junction formation are presented merely as examples 

to illustrate aspects of the present invention and should not be considered as limiting the scope of the present invention. 

B. PSG For PMD iaver 

10 To demonstrate the operation of the apparatus and method according to embodiments of the present invention, 
expenments were performed to deposit a PSG film, for example, as a PMD layer. Prior to the deposition of PSG film as 
the PMD layer, the wafer has typically been subjected to multiple processing steps to form, tor example, gate elec- 
trodes, oxide sidewalls. isolation trenches, etc. In the experiments, the PSG films were deposrted in a resistively-heated 
Giga FillC Centura chamber (a closed system having a total volume of about 6 liters and outfitted for 200-mm wafers) 
15 manufactured by Applied Materials, Ire. 

In the experiments, pre-deposition steps were performed to bring chamber 15 to the desired deposition pressure 
and to stabilize the gas/liquid flows before depositing the PSG film as a PMD layer on a wafer. Of course, it is recognized 
that pre-deposition steps may be vaned from the below description (which is merely an exemplary specific embodi- 
ment), as is optimal for different deposition recipes. The pre-deposition steps reduce unnecessary deposition on cham- 
20 ber walls and also contribute to yielding uniform depth profiles for the deposited films. Before any pre-deposition steps 
occur, a wafer is toaded in vacuum chamber 15 onto heater 25 through the vacuum-lock door, which is then closed. 
Heater 25 is heated up to the processing temperature of about 600**C, which is maintained throughout the pre-deposi- 
tion steps, the deposition step and the post-deposition steps. 

In a first pre-deposition step, heater 25 is at a position about 600 mil (15. 12 mm) from gas distribution plate 20. With 
25 the throttle valve open for about 5 seconds, helium at a flow rate of about 4000 seem, and at a flow rate of about 
2900 seem are introduced into chamber 15. The neutral gases, helium and Og. are introduced first into chamber 15 for 
their ftow rates to stabilize. These flow rates of helium and O2 are maintained throughout the pre-deposition steps. 

In the second pre-deposition step, the throttle vah/e is dosed and the pressure in chamber 15 is increased to the 
deposition pressure. The second pre-deposition step lasts about 30 seconds and allows the pressure, vi^ich may ini- 
30 tially fluctuate somewhat around the desired deposition pressure, to stabilize in chamber 1 5. Heater 25 is moved to the 
processing position of about 330 mil (8.3 mm) from gas distribution plate 20 in second pre-deposition step. 

In the third pre-deposition step, when the pressure in chamber 15 has stabilized to the deposition pressure of about 
450 Torr (6 x 10"^ Pa), liquid TEGS is inti-oduced to allow stabilization of TEGS and helium ftow. With the TEGS flow rate 
at about 1 000 mgm, the vaporized TEGS gas mixes with the helium carrier gas for about 3 seconds during the tiiird pre- 
35 deposition step, before the deposition step. 

Having stabilized the chamber pressure, temperature, and TEOS/helium gas flows, and adjusted the position of 
heater 25. deposition processing can begin. At the onset of the deposition step. O2 flow is terminated. Liquid TEPO is 
introduced at a rate of about 24 mgm. and O3 (about 8 wt % oxygen) is infroduced at a rate of about 4000 seem. Being 
liquids, the TEPO and TEGS sources are vaporized by the liquid injection system and then combined with the inert car- 
40 rier gas helium. This mixture is introduced into chamber 15 from gas distribution plate 20 to supply reactive gases to 
the wafer surface where heat-induced chemical reactions take place to produce the desired PSG film. The above con- 
ditions result in a PSG film deposited at a rate of about 1780 A/minute. By controlling the deposition time, a PSG film 
having a thickness of about 5300 A is formed at the process conditions described at>ove in about 404 seconds. The wt 
% of phosphorus in the resulting PSG f Im is about 4 wt %. 
45 After deposition, a termination step is performed that is optimizes the stability of the deposited PSG film to provide 

moisture and crystallization resistance. In the termination step, which lasts for about 3 seconds, the deposition condi- 
tions are maintained while TEPO flow is terminated. The termination step therefore deposits a USG capping layer in an 
in aiiy manner in chancer 1 5, by tiie gas termination method discussed above. The USG layer is very thin compared 
to the thickness of the bulk PSG film, 
50 After the PSG deposition and USG deposition steps, post-deposition steps are utilized to control the ramping down 

of chamber pressure and to control gas shut-off. By adjusting the pressure and gas shut-off, the post-deposition steps 
help reduce particle formation which otherwise can cause wafer contamination and damage 

In a specific embodiment, three post-deposition steps were used. In the first post-deposition step immediately fol- 
lowing the atMDve termination step. TEOS ftow is terminated while heater 25 is moved into a position about 600 mil 
55 (1 5. 1 2 mm) from gas distribution plate 20. Also, the throttle valve is opened periodically to allow chamber pressure to 
gradually ramp down during the first post-deposition step, which lasts about 15 seconds. In the second post -deposition 
step, the throttle valve is opened periodically to ramp down chamber pressure for the third post-deposition step (the 
pumping step), as helium ftow into chamber 15 is terminated by pumping it through a bypass valve. Heater 25 is also 
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moved lower to a position about 999 mil (25,17 mm) from plate 20 during the second post-deposition step, which lasts 
about 1 5 seconds. In the third post-deposition step, which lasts about 3 secorxls. the throttle valve is opened and O3 
flow into chamber 1 5 is terminated by pumping it through a final valve. 

The above experimental conditions for the deposition of PSG suitat>le for being used as a PMD layer are optimal to 

5 provide the best film quality with high throughput. By enhancing surface diffusion at increased surface terrperature, the 
thermal PSG film deposited using the TEOS/O3 chemistry at temperatures of atx>ut 600*0 exhibited excellent step cov- 
erage, more cross-linked structure, and more stable oxidization structure for P and Si, which yielded excellent film qual- 
ity. The deposited PSG film was high quality in terms of flow-like step coverage, high moisture resistance, high 
breakdown voltage, smooth surface, no surface damage (i.e., plasma damage), and no fixed charge. The deposited 

w PSG film exhibited good flm thickness uniformity. Specifrcally film thickness uniformity (49 pt., Is) at about 1.2 mm 
thickness of the deposited PSG film was measured to be less than about 1 .5. 

Fig. 24A IS a photomicrograph demonstrating the as-deposited gap fill capabilities of PSG films deposited at 600°C 
in accordance with a specific embodiment of the present invention. In particular, the PSG film deposited at eocC was 
shown to be capable of filling high aspect ratio gaps having a height (h) and a spacing (w) without the formation of voids, 

?5 as seen in Fig 24A. Fig. 24B is a simplified diagram (not shown to scale) of a section of the integrated circuit structure 
shown in Fig. 24A. As seen in Fig. 248. substrate 1200 has stacked gate structures, spedficaHy electrodes 1220 with 
tungsten silicide ( WSi) caps 1 240, formed thereon. An oxide layer 1 260 is deposited onto stacked gate structures to 
form high aspect ratio gaps with h of about 0.35 mm and w of about 0.08 nnm shown by dotted lines, as seen in Figs. 
24A 248. Fig. 24A therefore demonstrates an exennplary structure with high aspect ratk> (about 4.3:1) gaps that are 

20 filled by PSG film 1280. which is used as a PMD layer. Deposited at about 600^*0 using the preferred recipe discussed 
above. PSG film 1280 exhbtts excellent high aspect ratio gap fill capability without the need for a reflow typically done 
at about 750-800°C. which is often inconsistent with increasingly tight thermal budgets. 

In addition to having excellent gap fill capability for high aspect ratios. PSG films deposited at about eOO^C advan- 
tageously are dense films that exhibit high resistance to moisture absorption. Moisture absorption of the deposited PSG 

25 film deposited was measured using conventional Fourier Transform Infrared spectroscopy (FTIR) techniques, as are 
well known to one of ordinary skill in the art. Rg. 25 illustrates the FTIR spectra of a PSG film deposited at about 600'*C 
under the following exemplary process conditions. According to a specific embodiment, the exemplary process condi- 
tions include TEOS ftow of atyjut 1 000 mgm. TEPO flow of atx>ut 24 mgm. helium flow of about 6000 seem, and ozone 
(about 12 wt % oxygen) ftow of atx)ut 4000 seem, at a pressure of about 400 Torr (5.33 x 10^ Pa) and spacing of about 

30 330 mil (8.3 mm) between heater 25 and gas distribution plate 20. The PSG deposition time was about 600 seconds. 
As seen in Fig 25, the FTIR spectra of the PSG film deposited at about 600°C demonstrated no water spikes indicating 
moisture absorption, and no measurable change in moisture ateorption was seen over about 155 hours after deposi- 
tion, illustrating the PSG film stability over exterxled periods. 

As denr>onstrated by Fig. 25. the deposited PSG film is dense, resistant to absorbing moisture. Deposition of a PSG 

35 film at high temperatures, for example at about 600* C. tends to drive out any moisture that might be absorised into the 
film, resulting in a dense film. As a dense film, the PSG film deposited at high temperature has the advantage of not 
requiring an additional step for further densif ication of the film. The dense nature of the deposited PSG film nnakes it 
compatible for use as a PMD layer which can be planar ized either by a subsequent anneal at a temperature greater 
than alx)ut lOOO^'C. or preferably by a CMP step. In addition to moisture absorption resistance, the present PSG film 

40 deposited at high tennperatures is able to provide good film thickness uniformity, as well as good gap fill without forma- 
tion of voids or weak seams that can cause subsequent device problems. The high temperature PSG film is particularly 
useful as a PMD layer as it provkJes good phosphorus incorporation (between atxjut 2-8 wt % phosphorus), which is 
important for gettering or trapping mobile ions such as sodium (Na+) ions that might otherwise migrate and cause short- 
ing in the device. 

45 The above description of experiments depositing and measuring characteristics of the deposited PSG film demon- 

strates its suitability for use, for example, as a PMD layer. However, the description should not be conskJered as limiting 
the scope of the invention. 

C. USG For Oxide Filling Layer In Shaltow Trench Isolation 

so 

To demonstrate the operation of the apparatus and method according to ennbodiments of the present invention, 
experiments were performed to deposit a USG film, for example, as a high quality oxide filling layer for shallow trench 
isolation Prior to the deposition of USG film as the high quality oxkie filling layer, the wafer has typically been subjected 
to multiple processing steps to form, for example, gate electrodes, oxide sidewalls. isolation ti-enches. etc. In the exper- 
55 iments. the USG films were deposited in a resistively -heated Qga Filic!) Centijra chamber (a closed system having a 
total volume of about 6 liters and outfitted for 200-mm wafers) manufactured by Applied Materials, Inc. 

In the experiments, p re-deposit ion steps were performed to bring chamber 15 to the desired deposition pressure 
and to stabilize the gas/liquid flows before depositing the USG film as a filling layer on a wafer. Of course, it is recog- 
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nized that pre-depositiorr steps may be varied from the below description (which is merely an exerrplary specific 
embodiment), as is optimal for different deposition recipes. The pre-deposrtion steps reduce unnecessary deposition on 
chamber walls and also contribute to yielding uniform depth profiles for the deposited films. Before any pre-deposition 
steps occur, a wafer is loaded in vacuum chamber 1 5 onto heater 25 through the vacuum-lock door, which is then 

5 closed. Heater 25 is heated up to the processing temperature of about 550*'C. which Is maintained throughout the pre- 
deposition steps, the deposrtion step and the post-deposit on steps. 

In a first pre-deposition step, heater 25 at a position about 600 mil (15.1 2 mm) from gas distribution plate 20. VSfith 
the throttle valve open for about 5 secortds, helium at a flow rate of about 7000 seem, and O2 at a flow rate of about 
2900 seem are introduced into chamber 15. The neutral gases, helium and O2. are introduced first into chamber 15 for 

TO their flow rates to stabilize. These flow rates of helium and O2 are maintained throughout the pre-deposition steps. 

In the second pre-depositon step, the throttle valve is closed and the pressure in chamber 15 is increased to the 
depositoon pressure. The seeorxl pre-deposition step lasts less than about 40 seconds and allows the pressure, which 
may initially fluctuate somewhat around the desired deposition pressure, to stabilize in chamber 1 5. Heater 25 is moved 
to the processing position of about 350 mil (8.8 mm) from gas distribution plate 20 during the second pre-deposition 

15 Step. 

In the third pre-deposition step, when the pressure in chamber 15 has stabilized to the deposition pressure of about 
600 Torr (8x10'* Pa), liquid TEOS is introduced to allow stabilization of TEOS arxl helium (or nitrogen) flow. With the 
TEOS flow rate at about 2000 mgm. the vaporized TEOS gas mixes with the helium (or nitrogen) canier gas for about 
5 secorxis during the third pre-deposition step, prior to the deposition step. 

20 Having stabilized the chamber pressure, temperature, and TEOS/helium gas flows, and adjusted the position of 

heater 25. deposition processing can begin. At the onset of the deposition step. O2 flow is terminated while O3 (about 
12.5 wt % oxygen) is introduced at a rate of atjout 5000 seem. Being liquid, the TEOS source is vaporized by the liquid 
injection system and then combined with the inert carrier gas helium. This mixture is introduced into chamber 1 5 from 
gas distribution plate 20 to supply reactive gases to the wafer surface where heat-induced chemical reactions take 

25 place to produce the desired USG film The above conditions result in a USG film deposited at a rate of about 1450 
A/minute. By controlling the deposition time, a USG film having a thickness of about 10000 A is formed at the process 
conditions described above in about 414 seconds. 

After USG deposition, a purge step is performed that is optimizes the stability of the deposited USG film to provide 
moisture resistance. In the purge step, which lasts for about 3 seconds, the deposition conditions are maintained while 

30 TEOS flow is terminated. 

After the USG deposition step and purge step, post-deposition steps are utilized to control the ramping down of 
chamber pressure and to control gas shut-off. By adjusting the pressure and gas shut-off. the post-deposition steps 
help reduce particle formation which otherwise can cause wafer contamination and damage. 

In a specific embodiment, three post-deposition steps were used. In the first post-deposition step immediately fol- 

35 lowing the above termination step, the carrier gas flow into chamber 15 is terminated by pumping it through bypass 
vatve. Heater 25 is moved into a position about 600 mil (15,12 mm) from gas distribution plate 20, as the throttle valve 
is opened periodically to gradually ramp down chamber pressure during the first post-deposition step, which lasts about 
15 seconds. In the seeorxl post-deposition step, the throttle valve is opened periodically to continue ranrping down 
chamber pressure, and O3 flow into chamber 1 5 is continued. Heater 25 is also moved lower to a position about 600 

40 mil (15.12 mm) from plate 20 during the second post-deposition step, which lasts about 15 seconds. In the third post- 
deposition step, which lasts about 3 seconds, the throttle valve is opened ar»d O3 flow into chamber 1 5 is terminated by 
pumping it through a final valve. 

The above experimental conditions for the deposition of USG suitable for being used as a high quality oxide filling 
layer for shallow trench isolation are optimal to provide the best film quality with high throughput. In shallow trench iso- 

45 lation applications, the deposited USG film should be capable of void-free gap fill (typically at a nominal angle of about 
85"). in addition to being a very dense and uniform film. The deposited USG film exhibited good film thickness uniform- 
ity. Specifically, film thickness uniformity (49 pt. Is) at about 5000 A thickness of the deposited USG film was measured 
to be less than about 1 .5. 

Figs 26 A and 26B are photomicrographs denronstratirtg the relative gap fill capabilities of TEOS/O3 USG filnns 
50 deposited at about 400"= C artd about 550°C, respectively, after reflow at about 1050°C and a 6:1 buffered oxide etch 
(BOE), in accordance with a specific embodiment of the present invention. In particular. Fig. 26 A illustrates a trench 
structure having about 0 35 mm width and about 0 70 mm depth (about 2:1 aspect ratio gap) with a filling layer that is 
a USG film deposited at about 400**C after a reftow at about 1050*»C Fig. 26A shows large voids in the deposited USG 
film, indicating that the USG film deposited at about AOO^C is not very dense and appears to have been prone to shrink- 
55 age Even after a reflow at a temperature above about 1 000°C. which can density a USG film to some extent, the USG 
film deposited at the terrperatjre of about 400°C is not very dense and does not survive the high temperature anneal 
or a subsequent wet etch processing without opening up voids. In comparison, Fig. 26B shows a trench structure hav- 
ing atKDut 0.18 mm width and about 0.45 mm depth (about 2.5:1 aspect ratio gap) with a void-free filling layer that is a 



42 



3NSDOCID <BP___ 08-t33A8A2 I > 



EP 0 843 348 A2 



USG film deposited at about 550°C after a reflow at about lOSCC and a subsequent wet etch processing. The USG 
film deposited at about 550''C is capable of filling high aspect ratio gaps without the formation of voids after reflow unlike 
USG films deposited at 400°C. as seen from Figs. 26A and 26B. After etch processes at very uniform etch rates. USG 
films deposited at about 550'*C retain their superior step coverage without opening up voids. 

As further evidence of the high aspect ratio gap filling capability of USG films deposited at about 550°C, Rg. 27 is 
a photomicrograph demonstrating the gap fill capability of the deposited USG film after an anneal at about 1 0OO'^C and 
a subsequent wet etch processing, in accordance with a specific embodiment of the present invention. Fig. 27 shows a 
trench structure having about 0.16 mm width and about 0.48 mm depth (about 3:1 aspect ratio gap) with a filling layer 
that IS a USG film deposited at about 550" C after a reflow at about lOOCC. The trench structure of Fig, 27 has a smaller 
spacing and a higher aspect ratio than the trench structures shown in Figs. 26A and 26B, illustrating the superior gap 
filling capability of the USG film deposited at about 550"C. 

In addition to having excellent gap fill capability for high aspect ratios, USG films deposited at at50ut 550°C advan- 
tageously are dense films that exhibit high resistance to moisture absorption. Moisture absorption of the deposited USG 
film deposited was measured using conventional FTIR techniques. Fig. 28 illustrates the FTIR spectra of a USG film 
deposited at about 550° C under the following exemplary process corxiitions, according to a specific embodiment. 
According to the specific embodiment, the exemplary process conditions include TEOS flow of about 2000 mgm, 
helium flow of about 7000 seem, and ozone (about 12.5 wt % oxygen) flow of about 5000 seem, at a pressure of about 
600 Torr (8x10^ Pa) and spacing of about 350 mil (8.8 mm) between heater 25 and gas distribution plate 20. As seen 
in Fig. 28, the FTIR spectra of the USG film deposited at about 550*C demonstrated low moisture absorption (less ttian 
about 1 wt % moisture) Further, Fig. 28 also illustrates that a moisture increase of less than about 0 5 wt % moisture 
in the USG film was seen over about 160 hours after deposition, indicating the stability of the USG film over extended 
periods. 

Accordingly, as supported by Fig. 28, the deposited USG film is dense, resistant to at^orbing moisture. Deposition 
of a USG film at high temperatures, for example at about 550''C. tends to drive out most moisture that might be 
absorbed into the film, resulting in a dense film. As a dense film, the USG film deposited at high temperatures of at least 
about 550°C has the advantage of being less prone to shrinkage that might result in void formation after an annealing 
step and a subsequent wet etch processing, compared to USG films deposited at lower temperatures. The dense 
nature of the deposited USG film makes it compatible for use as a high quality oxide layer for filling trenches used in 
shallow trench isolation applications. Due to its high density USG films deposited at high temperatures and used as 
oxide filling layers can be planar ized by either a subsequent anneal or a CMP step, with minimized likelihood of opening 
up voids. In addition to moisture absorption resistance and good film thickness uniformity, the present USG film depos- 
ited at high temperatures provides excellent high aspect ratio gap fill without formation of voids or weak seams that can 
cause subsequent device problems. 

In general, high pressure OsrTEOS USG films may exhibit pattern or surface sensitivrty effects, resulting in uneven 
deposition, which is undesiratDle It has been seen that problems with uneven deposition are worsened with higher 
O3/TEOS ratios. Advantageously deposition of USG films at high temperatures such as at least about 550°C requires 
use of more TEOS in order to achieve adequate deposition rates. Accordingly, the O3/TEOS ratio of USG films depos- 
ited at high temperatures is low (less than atxiut 5:1). thereby eliminating any pattern or surface sensitivity effects. 
Moreover, the film quality (e.g . density, shrinkage, etc.) is high for USG films deposited at high temperatures. Because 
of the high density of these high temperature deposition USG films, plasma densrf ication treatments or plasma oxide 
caps are not needed, thereby avoiding any plasma damage to the wafer. The lack of a plasma from such treatments in 
the chamber thus reduces possibility of metal contamination and potential shorting of devices in the wafer. Compared 
to low temperature thermal USG films, which often require a plasma densif Ication treatment or plasma oxide cap and 
may shrink to open voids after an anneal, thermal USG films deposited at temperatures of about 550" C exhibit excellent 
gap fill capability, minirral shrinkage, and uniform film density, and low metal contamination, without plasma damage, 
in accordance with the present invention. 

The above description of experiments demonstrates the suitability of the deposited USG film for use, by way of 
example, as a high quality oxide layer for filling high aspect ratio trenches for shallow trench isolation. The same CVD 
apparatus also may be used to deposit USG films at temperatures lower than 500° C for IMD applications. Of course, 
the above description should not be considered as limiting the scope of the Invention. 

It is to be understood that the above description is interxded to be illustrative and not restrictive. Many embodiments 
will be apparent to those of skill in the art upon reviewing the above description. By way of example, the inventions 
herein have tDeen illustrated primarily with regard to a USG. BSG, PSG. and BPSG process recipes, but they are not so 
limited. For example, the dielectric film formed according to other embodiments may be an arsenic doped silicon oxide 
film, or other doped film. As another example, the deposition of dielectric films has been described using carrier gas 
such as helium, but other earner gases like argon or nitrogen, may be used as well. As a further example, dielectric lay- 
ers have been described for particular applications, irtcluding doped junction formation, PMD layers. IMD layers, oxide 
filling layers, capping layers, etc. Of course, it is recognized that the same CVD apparatus discussed above may be 
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used to deposit dielectric 4ayers at temperatures lower than about 400°C. as well as temperatures above 50CrC. Addi- 
tionally, various aspects of the present invention may also be used for other applications. Those skilled in the art will 
recognize other equivalent or alternative methods of depositing the dielectric layer while remaining within the scope of 
the claims of the present invention. The scope of the invention should, therefore, be determined not with reference to 
5 the above description, but should instead be determined with reference to the appended claims, along with the full 
scope of equivalents to which such claims are entitled. 

Claims 

10 1. Process for depositng an insulating layer on a substrate on a heater in a chamber, said process comprising the 
steps of: 

heating said heater in said chamber to a temperature of at least about 50Cr C; 
- pressurizing said chamber to a pressure of between about 10-760 Torr (1 ,3 x 10^ to 1 x 10^ Pa); 
75 - introducing a precursor gas mixture comprising oxygen and silicon into said chamber to deposit a silicon oxide 

film on said substrate on said heater at said temperature. 

2. Process of dalm 1 . wherein satd substrate has at least one gap having an aspect rato of at least atxxrt 2.5:1 . 

20 3. Process of daim 2. wherein said at least one gap is shallow trench used for Isolation. 

4. Process of daim 1 . wherein said silicon oxide is deposited by introducing TEOS and O3 into said chamber 

5. Process of daim 3. further comprising the step of introducing a precursor gas mixture comprising oxygen, silicon. 
25 and dopants into said chamber to deposit a doped silicon oxide film on said at least one gap prior to depositing said 

silicon oxide. 

6. Process of daim 5. further comprising the step of renroving said doped silicon oxide film from said at least one gap 
after dopants from said doped silicon oxide film are driven into said substrate and prior to depositing said silicon 

30 oxide, said dopants driven into said substrate providing a channel top diffusion in said substrate at the surface of 
said at least one gap. 

7. Process of claim 6, wherein said dopants are comprised of boron for PMOS transistor Isolation or phosphorus for 
NMOS transistor isolation 

35 

8. Process of daim 7. wherein said boron is from TEB and wherein said phosphorus is from TEPO. 

9. Substrate processing apparatus comprising: 

40 - a vacuum chamber, said vacuum chamber beemg operable at a pressure between about 10-760 Torr (1 ,3 x 1 0^ 
to 1 X 1 0^ Pa) by a vacuum system; 

a source of reactive gases comprising silicon arxJ oxygen; 
a gas distribution manifold, located within said chamber, for introducing said reactive gases Into said vacuum 
chamber; 

45 a ceramic heater for holding a wafer, said ceramic heater being capable of being heated to a temperature of at 

least atjout 500<'C; 

wherein a layer of silicon oxide is deposited at said temperature on said wafer from a reaction of silicon and 
oxygen in said reactive gases introduced Into said vacuum chamber from said gas distribution manifold. 

50 10. Apparatus of dalm 9. further comprising: 

a processor for controlling a source distribution system coupled to said gas distribution nnanifold, said ceramic 
heater and said vacuum system; arxl 

a memory coupled to said processor and storing a program for directing the operation of said system. 
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